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ABSTRACT Plasmonics has developed tremendously in recent years owing to its significant performance
in enhanced nonlinear optical emission. However, plasmonic structures have predefined geometry, lacking
flexibility for active control of the artificial nonlinear signal. In this paper, we numerically investigate active
control of second harmonic generation (SHG) from plasmonic metasurface based on magnetic Lorentz force.
The unit element of designed plasmonic metasurface consists of a gold split ring resonator and a bismuth
bar, and integrated with graphene layer. By varying the Fermi energy of graphene from 0.2 eV to 1.0 eV,
we achieve a 17.2 THz shift of the second harmonic frequency. In addition, it is demonstrated that the range
of SHG frequency shift can be further enlarged by increasing the number of graphene layer. Our results
pave the way for applications in generation of continuous laser source, optical communications and signal

processing.

INDEX TERMS Active control, artificial nonlineaity, plasmonic.

I. INTRODUCTION
In the framework of nonlinear optics, the induced polarization
intensity depends on the strength of light-matter interac-
tion, which is determined by the incident electric field and
the linear and nonlinear optical susceptibilities [1]. Usually,
nonlinear emission is limited to natural nonlinear materials.
Thanks to the developments of metamaterials and metasur-
faces, artificial nonlinearity offers new opportunities to go
beyond the limitations of natural nonlinear materials [2]-[4].
During the past decade, tremendous advances have
already been made in nonlinear metamaterials and meta-
surfaces [2]-[9]. Among them, second harmonic generation
(SHG) from plasmonic metasurfaces has triggered signifi-
cant research interest for two reasons [5], [10]. The first
is that the second-order nonlinearities, such as SHG, are
usually stronger than that the high-order cases, making it
easier to be observed and utilized. The second is that these
second-order processes are indeed forbidden within the elec-
tric dipole approximation in centrosymmetric materials such
as noble metals. It is in contradiction to both theoretical

The associate editor coordinating the review of this manuscript and

approving it for publication was Lin Peng

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

and experimental results of enhanced SHG effects from
plasmonic nanostructures [11]-[15]. According to hydro-
dynamic model, this SHG can be clarified into nonlin-
ear Coulomb term, magnetic Lorentz force contribution,
convective terms and so on [11], [16]. To promote the
plasmonic SHG efficiency, a variety of metamaterial con-
figurations have been designed based on different physi-
cal mechanism, which could be divided into two aspects.
The main aspect is to increase the surface contributions
from the enhanced near-field intensity by exciting strong
electromagnetic resonances in metamaterials. To this end,
Mie resonances [17]-[19], lattice resonance [20]-[22], and
mode matching methods [23], [24] have been utilized.
The other aspect of this improved SHG comes from the
magnetic Lorentz force contribution [25], [26], which has
been neglected due to weak magnetic response of conven-
tional optical materials [27], [28] and slow drift velocity of
electrons. By engineering metamaterials structure, electric
and magnetic responses can be enhanced simultaneously,
resulting in pronounced magnetic Lorentz force contributed
SHG emission [25], [26], [29]. Nevertheless, little has been
reported about continuously tunable SHG emission, which is
an important issue for generation of light source.
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Most of the developed metamaterials so far are passive
and their performances are fixed after fabrication, hindering
their application in miniaturized and integrated optical sys-
tems. Recently, the concept of tunable metamaterials has been
established to control the optical properties though different
mechanisms, including mechanically stretchable system [30],
semiconductors [31], and phase change materials [32].
Among them, graphene is of particular interests owing
to the remarkable electrical and optical properties which
mainly originate from exceptional Dirac cone-type band
structure [33]-[36]. Compared with other method, graphene
provides the gate voltage tenability of metamaterials with
short response time and subwavelength interaction with elec-
tromagnetic field. Therefore, it has recently attracted consid-
erable attention for its enormous applications of graphene in
tunable metamaterials [33]—[35] and metasurfaces [37]-[42],
such as electrically switchable cloaking devices [43],
beam-steering in far field [44], tunable electromagnetically
induced transparency [45], tunable-metamaterials for sens-
ing [46], and tunable third-harmonic generation [47]-[49].
More importantly, the sensitivity of Fermi energy to the car-
rier density in the Dirac fermions results in ultrawide tunable
space in responding external light fields, making it a feasible
and outstanding platform for actively controllable plasmon-
ics, especially at terahertz and far-infrared frequencies [50].
Recently, Xiao et al. proposed a strategy for active control
of SHG in a plasmonic Fano structure by electrically doping
its underlying monolayer graphene [51], in which the SHG
emission comes from the surface contribution from metal.

In this work, we design a tunable artificial SHG from
plasmonic metasurface integrated with graphene layer. Here,
we employ the plasmonic metasurface described in [25],
providing the artificial SHG effect based on magnetic Lorentz
force. The integrated graphene layer provides the active tun-
ability. Numerical simulation results show that the frequency
of SHG emission can be tuned over 6 THz when a single
layer graphene is placed below the plasmonic metasurface at
a distance of 30 nm. In addition, it is demonstrated that the
frequency of SHG emission could be tuned over an extended
range of 17.2 THz, when the distance between graphene and
metasurface is 0. We also show that the tunable range of SHG
emission frequency could be increased further by introducing
multiplayer graphene.

Il. THEORETICAL MODELS

A. MODEL OF SHG

Figure 1(a) gives an overview of the tunable SHG emis-
sion, coming from the plasmonic metasurface integrated with
graphene layer. Figures 1(b) and 1(c) show the schematic
of a unit cell of the proposed tunable nanostructure. With
the normal incidence of an x-polarized electromagnetic (EM)
wave propagating along the z-direction, a circulating current
can be induced in the gold split ring resonator, providing a
strong magnetic field along the z-direction. The bismuth bars
are considered as the sources of high drift velocity electrons,
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FIGURE 1. (a) Schematic of the SHG emission from metasurface
integrated with graphene layer. (b) Side and (c) top views of a unit-cell
marked with geometry parameters, which are P = 1400 nm, H; = 500 nm,
Hy =100 nm, G = 100 nm, W; = 180 nm, W, =200 nm, L; = 1000 nm,
Ly =600 nm and D =20 nm.

which are simultaneously driven by the incident electric field
along the x-direction and the generated magnetic field along
the z-direction. Therefore, the total force applied to the free
electrons in the bismuth bar is [25], [26]:

Fiot = Fg + Fp
= gE(w)e ™" + gv x B(w)e ™ + c.c.
= gE(w)e ™" + gt E(w) x B(w)e 2 +cc. (1)

where g is elementary charge, 7 is time, v is the mobility of the
free electrons, E(w) and B(w) are local electric and magnetic
fields at angular frequency w, respectively, c.c. means the
complex conjugate. The exhibited magnetic Lorentz force
contribution of E(w) x B(w)e™2¢* clearly supplies the mech-
anism of the SHG. The cross-polarized effect happens during
this SHG radiation. It is because the incident electric field and
the induced magnetic field are along the x- and z-axis, respec-
tively, the magnetic force drives the electrons in bismuth bar
along y-axis. Thus, the SHG signal radiates along both +z
and —z direction in the y-polarization.

It should be note that the bismuth is chosen due to its
high conductivity and mobility. Indeed, the bismuth can be
replaced by gold for simplify experimental fabrication, but
the SHG would be weak. High conductivity of the gold split
ring and high mobility of the cut wire would both benefit
the SHG. The bismuth has mobility of 1100 cm?/(V-s) and
gold has mobility of 29.5 cm?/ (V-s) [25]. The mobility of
gold is much smaller than bismuth. For high effectivity SHG,
we should choose bismuth. We refer the reader to [25], [26]
for more detailed derivation of the magnetic Lorentz force
based SHG emission.

B. MODEL OF TUNABILITY FROM GRAPHENE

When graphene layers are integrated into such a plasmonic
metasurface, a capacitive coupling between them can strongly
affect the linear and nonlinear responses of the system
to the optical fields. Therefore, an extra tunability of the
SHG emission is introduced owing to the tunable surface
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conductivity of graphene, which can be described by the
Kubo formula [51]-[54]:

ie* (o+it™) [t el dfa(e)
Gg = — —7 / 5 de
mh —o0 (w + l.l'il) ae

- /+°° 0fa (—&) — fa (2) dg}
0 (a)+zt ) —4(e/h)

where fy = 1/[1 4+ e®~ED/*8T)] i5 the Fermi-Dirac dis-
tribution, ¢ is the energy, Ef is the Fermi energy, T is the
temperature, e is the electron charge, £ is the reduced Planck’s
constant, kg is the Boltzmann constant, w is the angular
frequency, and t is the momentum relaxation time, which
represents the loss mechanism due to the carrier intraband
scattering.

In the mid-infrared range with |Eg| > kpT, the surface
conductivity of graphene could be approximately expressed
as
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T = 300 Kand 7 = MEF/ev%, n = 104 cm2v—1s-!
and vp ~ 10° m/s as the mobility and Fermi velocity,
respectively. Considering the fact that a DC mobility of
w > 10° cm?V~!S~! has been experimentally achieved in
high-quality suspended graphene [55], the value of mobility
we used here is practical. Nevertheless, the charged impuri-
ties and defects of graphene introduced during experiment is
difficult to control, reducing the carrier mobility of graphene.
For graphene with low quality, the light-matter interaction
could be weak, restricting the tunable range of the SHG
emission.

By treating the single layer graphene as an ultra-thin metal
film, its equivalent permittivity can be written as [56]

“

where g ~ 377 Q2 is the impedance of air, kg is the wavenum-
ber of electromagnetic field in free space, and d; is the
thickness of the graphene layer, which is assumed to be 1 nm
in our work. Although an anisotropic model of graphene is
more accurate [57], [58], it may affect the absorption effect
in graphene layer. The isotropic model is efficient for the
tunable ability of graphene in the proposed structure.

C. NUMERICAL SIMULATIONS FOR LINEAR PROCESS

The electromagnetic response of the proposed structure was
calculated using a home-built program which is based on
finite-element method. The free tetrahedral mesh was used
in all simulations. The maximum and minimum mesh sizes
are 100nm and 10nm, respectively. Smaller mesh sizes have
also been tried and there is no change in the simulated
result. Therefore, the numerical simulation is well converged.
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The distance between graphene layer and gold split ring is d.
Period of a unit cell is P = 1400 nm. The thickness of
Si0; is H; = 500 nm. The arm length of gold split ring is
L; = 1000 nm. The thickness of gold split ring and bismuth
baris H, = 100 nm. The gap of gold splitring is G = 100 nm.
The width of gold split ring is Wi = 180 nm. The length and
width of bismuth bar are L, = 600 nm and W, = 200 nm,
respectively. The gap between gold split ring and bismuth bar
is D = 20 nm. These geometrical parameters are optimized
to achieve high SHG emission in terahertz region.

In our simulations, the complex dielectric permittivity of
gold and bismuth as a function of frequency was described
by Drude model:

w2

14

e=1 P 5)
where w), is plasma frequency, y is collision frequency
and w is the angular frequency. For gold, its plasma fre-
quency is 2w x2175 THz and its collision frequency is
27 x6.5 THz [59]. For bismuth, its collision frequency is
27 x7.5 THz [25]. The optical response of the graphene layer
is described by the above theoretical model. The refractive
index of SiO, substrate was set to be constant of 4.82+0.0261
over the whole spectral range of interest [25].

A single unit cell of the array is modeled with periodic
boundary conditions in lateral directions (along both the
x- and y-axes). Perfect matched layers (PMLs) are utilized
on the top and bottom boundaries of the unit cell to elim-
inate reflective waves from the boundaries. Port boundary
conditions are placed at the interior boundaries of the PMLs,
allowing for a plane wave source and extracting the scat-
tering parameters. The absorption spectrums of the pro-
posed structure at fundamental frequency are obtained by
1-Reflection-Transmission.

D. NUMERICAL SIMULATIONS FOR

NONLINEAR PROCESS

When experiment data for the second harmonic suscepti-
bility of nanostructure is unavailable, the Miller’s rule has
been adopted to incorporate the property of the second
order nonlinearity [60], [61]. Nevertheless, we may not use
Miller’s rule in our analysis. It is because the theory model of
Miller’s rule only considers the contribution of electric dipole
mode in nanostructures to the SHG emission. In our case,
the SHG from magnetic Lorentz force involves magnetic
dipole resonance, therefore making the Miller’s rule fails.
In the nonlinear process of our simulation, the electromag-
netic responses of both gold and SiO, are the same as that
in linear process. The bismuth in magnetic field is described
by a complex anisotropic conductivity tensor based on Drude
mode [25], [62]:

1 neB
~ 1+ (eB)? 14 (ueB)?
o(w)=0o ueB 1 (6)
14+ (ueB)? 14 (uB)?
0 0 1
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where 6 = o9/(1 —iwy) and . = peo/(1 — iwy) are
the optical conductivity and mobility at frequency w, respec-
tively. The direct current conductivity oo and mobility (.o
are modeled with 2.2 x IOSS/m and 1100 cm?/(V-s), respec-
tively [30]. It can be seen from Eqs. (1) and (6) that the
influence of magnetic fields on SHG is two-fold. First, the
magnitudes of SHG radiation could be tailored by applying
external magnetic field with different intensity. Second, dif-
ferent second-order nonlinearity would be generated when
the frequency of magnetic field is different from that of
incident electric field [63].

To calculate the SHG emission, we utilize scattering
boundary conditions at the top and bottom boundaries of the
unit cell allowing for a Gaussian pulsed plane wave source.
The x-polarized Gaussian pulsed plane incident wave was
defined by the electric field E= (E, 0, 0) and the expression
of Ey is

,(m)z
E, = Ecos (wt —kgz)e \ & (7

where E is the peak amplitude of the electric field, w is
the angular frequency, ¢ is time, ko is the wavenumber at
the frequency w, zis the coordinate in z-axis, fp and At are the
parameters describing the Gaussian pulse. The values used in
the simulation are E = 10’ V/m, fo = 800 fs, Ar = 300 fs,
and the total time of 2 ps was simulated with a step of 1 fs.
The value of incident frequency w is the magnetic resonance
frequency. According to the theory model, nonlinear signal
could be obtained at frequency of 2w. We use a point probe
to receive the transmission of the Gaussian pulsed plane wave
interacted with the proposed nanostructure and get the fre-
quency spectrums of these transmission by Fourier transfor-
mation. Note that, without losing generality, we only consider
the SHG emission contributed from the magnetic Lorentz
force effect, even though both gold and graphene could emit
SHG signal according to the hydrodynamic model of free
electrons. Here, we only consider the artificial nonlinearity
of the metasurface for two reasons. The first is that we focus
on the tunable SHG frequency rather the enhancement of
emission. To this end, graphene layer could provide the active
control of optical responses. The second is that graphene is a
centrosymmetric material and its second-order nonlinearity
is forbidden at normal incidence, which is used as incident
condition in this work.

Ill. RESULTS AND DISCUSSION

Figure 2(a) shows the simulated absorption spectrums of this
metasurface integrated with a graphene layer at fundamen-
tal wavelength. The distance between the metasurface and
graphene layer is d = 100 nm. When the Fermi energy
of graphene varies from 1.0 eV to 0.2 eV, the absorption
peak blue shifts from 28 THz to 29.5 THz. This phenomenon
indicates that the optical response of this metasurface can be
controlled by varying the Fermi energy of graphene layer.
The position of the bismuth bar has no significant influence
on the absorption spectrum. To show the physical nature
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FIGURE 2. (a) Absorption of this metasurface when d=100nm, peaking
at 28 THz, 28.4 THz, 28.8 THz, 29.1 THz and 29.5THz, when the Fermi
energy of graphene is 1.0 eV, 0.8 eV, 0.6 eV, 0.4eV and 0.2 eV, respectively.
(b) The normalized magnetic field distribution at the absorption peaks in
(a). (c) The transmission in frequency domain. The SHG frequency shifts
from 56 THz to 59 THz. The shadow represents frequency shift range.

of the absorption, Fig. 2(b) shows the surface currents and
magnetic field distributions in the unit cell in the x-y plane at
frequencies of 29.5 THz, 29.1 THz, 28.8 THz, 28.4 THz, and
28 THz, when the Fermi energy of graphene layer is 0.2 eV,
0.4 eV, 0.6 eV, 0.8 eV and 1.0 eV, respectively. We could
observe circulating currents along the gold split ring res-
onator, producing the enhanced magnetic field. In addition,
it is shown that the amounts of absorbed energy are almost
constant. It means that the introduction of graphene layer has
not change the intensities of magnetic field located inside the
gold split ring. Since the SHG response is proportional to the
intensity of magnetic field, we put the bismuth bar at the place
where magnetic field is maximum. Figure 2(b) shows that the
magnetic field is highly located near the arm of gold splitring,
thus we put the bismuth bar there.

The transmission spectrum in time domain is calculated
under the conditions of graphene layer with different Fermi
energy of 0.2 eV, 0.4 eV, 0.6 eV, 0.8 eV and 1.0 eV (not
shown here). These time spectrums are filtered and trans-
formed to frequency spectrum by Fourier transformation,
as shown in Fig. 2(c). The spectral purity of the SHG can be
improved by increasing the total simulation time and reducing
the time step, which may cost more simulation time and
memory. Luckily, we can obviously see the SHG emission
from current results. In each spectrum, the peaks at low
and high frequencies correspond to fundamental and SHG
frequency, respectively. The frequency of the fundamental
peak shifts from 28 THz to 29.5 THz as the Fermi energy
of graphene varying from 1.0 eV to 0.2 eV, being in a good
agreement with the linear absorption spectrums. As a result,
the SHG frequency can be tuned from 56 THz to 59 THz,
covering a frequency range of 3 THz. This demonstrates the
possibility of an efficient tuning of the SHG frequency from
a metasurface by simple changing the Fermi energy of the
integrated graphene layer.
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It is worth to note that the graphene layer provides the
tenability of SHG frequency owing to their tunable Fermi
energy Er. According to the relation between Fermi energy
Er and the charge-carrier density n, Er = hvup/m |n],
we may tune the value of Ef via controlling the charge-carrier
density in graphene layer, which could be realized by electro-
static doping and chemical doping methods, achieving high
Fermi energy of Ep = 0.9 eV [64] and EF = 0.8 eV [65],
respectively. More importantly, a much higher value of Fermi
energy Erp = 2.5 eV has been experimentally obtained in
photoexcited graphene layer [66]. These experiment results
validate the above value of Fermi energy changing from
0 to 1eV is reasonable, and more importantly, the tunable
range of SHG frequency may be enlarged further by using
photoexcited graphene.
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FIGURE 3. (a) Equivalent LC circuit model of the metasurface at magnetic
resonance. (b) and (c) show the real part and imaginary part of
conductivity of graphene, respectively.

The tuning of both fundamental and SHG frequencies can
be predicted by an equivalent LC circuit model which is
shown in Fig. 3(a). In this model, the metal ring and the
split gap provide the inductance L and the capacitance C,
respectively [67]. For the proposed metasurface integrated
with a graphene layer, the capacitance can be expressed as
C = (e0&rS1) / (4 gk), where g9 and ¢, represent the per-
mittivity of vacuum and medium in the gap, respectively, « is
the extinction coefficient of gold, S; and g are the geometry
parameters related to the gap, respectively. The resistor R rep-
resents the dissipation on the metal due to the electrical and
radiation resistance. In addition, the graphene layer can be
modeled by a sheet resistance Rg = 1 / og and is capacitively
coupled with the metasurface, where the coupling capaci-
tance can be expressed as Cg = (e&p) / d, ¢ and gg are the
dielectric constant of the medium and free-space permittivity,
respectively. According to the Kirchhoff’s law, the resonance
condition for the equivalent circuit requires

C+Cg
2CCGRRG (C + Cg) — R*C2Cs — RLCCE

®)

indicating that the resonance frequency of fundamental field
can be actively tuned through the resistance of graphene
layer and is also passively dependent on the distance between
graphene layer and metasurface. It can be concluded when
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sheet resistance decreases (increases), the resonance fre-
quency red (blue) shifts.

To explain the results in Fig. 2, we plot both the real and
imaginary parts of the conductivity of the graphene layer,
in Figs. 3 (b) and (c), as functions of its Fermi energy over
a broadband frequency range from 15 THz to 45 THz. Even
though the Re(oy) overlaps for the cases with 0.4eV to 1.0eV
in Fig. 3(b), the value of Im(oy) increases with the Fermi
energy, resulting in a decreased sheet resistance. Therefore,
the frequencies of fundamental and SHG resonances blue
shift from 28 THz to 29.5 THz and from 56 THz to 59 THz,
respectively, when we vary the Fermi energy from 1.0eV to
0.2eV, as shown in Fig. 2. The simulation and theoretical
results are in a good agreement with each other.

On the other hand, Eq. (8) reveals that the tunable range
of both fundamental and SHG frequencies could be enlarged
with the coupling capacitance. When the distance between
graphene and gold split ring decreases, the coupling capac-
itance increases, and the tunable range of resonance fre-
quencies will be amplified and is beneficial for the SHG
emission. Therefore, to achieve a larger tunable range of SHG
frequency, we may attempt to increase the capacitive coupling
strength by squeezing the distance between the graphene
layer and the proposed metasurface.
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FIGURE 4. (a) Absorption of this metasurface when d=30 nm, peaking at
26.2 THz, 27 THz, 27.3 THz, 28.1 THz and 29.2 THz, when the Fermi energy
of graphene is 1.0 eV, 0.8 eV, 0.6 eV, 0.4 eV and 0.2 eV, respectively. (b) The
transmission in frequency domain. The peaks corresponding to SHG
emission moves from 52.4 THz to 58.4 THz. The shadow represents
frequency shift range.

To demonstrate, Fig. 4(a) shows the calculated linear
absorption spectrums of this metasurface with d = 30 nm.
The absorption peak shifts from 26.2 THz to 29.2 THz,
following the Fermi energy of graphene varying from 1.0 eV
to 0.2 eV. Figure 4(b) shows the transmission spectrums
in frequency domain transformed from the time domain in
logarithmic coordinate. In each spectrum, the peaks at low
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and high frequencies correspond to fundamental and SHG
fields, respectively. It could be seen that the tunable range of
SHG frequency is extended to 6 THz, shifting from 52.4 THz
to 58.4 THz. This shift range is bigger than the previous case
in which d = 100 nm, validating the good performance of
our proposed method.
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FIGURE 5. The tunable range of SHG frequency for the case with (a) one
and (b) two layers of graphene, as functions of d and Ad, respectively.
(c) and (d) show the electric field distribution in graphene layer in the x-y
plane for the case with one and two layers of graphene, respectively.
Here all electric fields are extracted from the first graphene layer.

Following the results above, we investigate the dependence
of the tunable SHG frequency range emitted from the pro-
posed structure on the distance between graphene layer and
the metasurface, when the Fermi energy of graphene varies
from 0 eV to 1.0 eV. Essentially, the plasmonic metasurface
dominates its magnetic resonance and the graphene layer
mildly influence this resonance by capacitively interacting
with the metasurface. As shown in Fig. 5(a), the tunable
frequency range Af can be as high as 17.2 THz when the
graphene layer is directly attached at the plasmonic metasur-
face (d = 0 nm). As the distance d increases, the value of Af
reduces very fast and approaches 2 THz when d = 130 nm,
owing to fading away of the capacitive coupling between
graphene layer and metasurface. Figure 5(c) plots the electric
field distribution in graphene layer with different distance d
in the x-y plane. The transferred energy from metasurface to
graphene layer fades away with the distance d increasing, and
almost disappears when d = 130 nm.

To investigate, the dependence of the tunable range of
SHG frequency on the number of graphene layers is studied.
Since the graphene layer brings the modulation of frequen-
cies of both fundamental and SHG fields through capacitive
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coupling with the plasmonic metasurface, if more graphene
layers are integrated to the proposed structure, we may further
extend the tunable SHG frequency range. As a demonstration,
we calculate Af of the case with two layers of graphene,
where the first layer is fixed at d = 30 nm below the
metasurface and the second layer is located below the first
one with different distances Ad from 30 nm to 150 nm.
The dependence of Af on Ad and the corresponding elec-
tric field distribution in the first graphene layer are plotted
in Figs. 5(b) and 5(d), respectively. When Ad = 30 nm,
the tunable range of SHG frequency Af = 8 THz, which
is significantly extended compared to the case of single
graphene layer with d = 30 nm. What is more, a comparison
between Fig. 5(a) and 5(b) shows that Af indeed increases
owing to the introduction of the second layer of graphene,
further demonstrating the tunable SHG frequency by using
our proposed method.

The above simulation results show when the distance
between the plasmonic metasurface and the monolayer
graphene is decreased from d = 130 nm to O nm, the tun-
able range of SHG frequency could extend from 2.0 THz
to 17.2 THz. In addition, we have also demonstrated that
the tunable range of SHG frequency could be improved
by introducing more graphene layer. It is a pretty good
result in comparison to some reported results [34] with
respect to the working frequency and the linewidth, which
could be beneficial for continuously generating terahertz light
source. Although this work was complemented with numer-
ical simulations, in the view of experiment, the preparation
of the designed structure is highly feasible. Substrate with
smooth surface and required thickness should be prepared
at first. The large scale graphene could be synthesized on
substrate through chemical vapor deposition, and another
SiO, with smooth surface could cover the graphene film.
Thus, the graphene film inside the SiO, substrate could be
obtained. Defects during the fabrication need to be well
minimized. In addition, the two-layer graphene could be
obtained by stacking monolayer graphene [68]. These metal
parts, gold and bismuth, could be deposited on substrate by
electron-beam evaporation and magnetron sputtering. Then
the metasurface could be conveniently manufactured in peri-
odic lattice by microfabrication techniques with ultravio-
let lithography. For measurement, the transmission (7)) and
reflection (R) spectrum can be obtained in experiment, and
absorption spectrum can be calculated by 1-T-R.

IV. CONCLUSION

In this work, we have demonstrated a tunable SHG from
plasmonic metasurface integrated with graphene layer, where
the plasmonic metasurface and graphene layer offer the SHG
emission and tunability, respectively. Numerical simulation
results have demonstrated that the SHG frequency can be
tuned over 6 THz when a single layer graphene is placed
below the plasmonic metasurface at a distance of 30 nm.
In addition, the tunable range of SHG frequency could be
enlarged to 17.2 THz, when the distance between graphene
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and metasurface is 0. We also show that the tunable range
of SHG emission frequency could be increased further by
introducing multiplayer graphene. The results in this study
can be used to achieve tunable nonlinear metamaterials for
practical application such as generation of light source.
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