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We study high light confinement, field enhancement, and strong gradient force between graphene nanoribbons. Influence of the wavelength of
incident light on the gradient force, which is rare in previous studies, is presented. Results of light field confinement are achieved, which are much
better than those in the slot waveguides based on artificial hyperbolic metamaterials. The propagation length and enhancement ratio can be up to
79.5 um and 16, respectively. It is worth mentioning that the light confinement ratio can reach an astonishing 97%. Finally, we analyze the gradient
force of different intensity in terms of the electric field. © 2019 The Japan Society of Applied Physics

particles was found by A. Ashkin when he performed

experiments on the interaction of microscopic parti-
cles with focused light in 1969." On account of the original
observation, he put forward a scheme to trapping particles by
two focused lasers that propagated in the contrary directions.
Optical forces have drawn much attention in recent years.
Optical and mechanical systems with ultra small-mass and
ultra high-mechanical-frequency as well as strong optical
gradient force are especially desirable.””> The optical gra-
dient force has been utilized for activating optical
waveguides.” The gradient force will result in nanometers
or micrometers of mechanical displacements of two adjacent
waveguides. Optical gradient forces are related to a lot of
astonishing phenomena, like photoelectric mechanical
sensing,7) synchronisation of nanomechanical oscillators,”
optical nonreciprocity,”" and photomechanical single
photon frequency shift.'?

Graphene is a two-dimensional (2D) form of carbon, in
which the atoms are placed in a honeycomb lattice. In the
past few years, it has aroused wide public concern
owing to its outstanding photonic and photoelectricity
performances,'*'* like broadband operation, high-speed
operation and strong light graphene interaction.'” The carrier
mobility is over 200000 cm® V™' s™! at room temperature,
and the absorption of monolayer graphene is as low as 2.3%
in the infrared and visible range.'”™"” In 2008, Wang et al.
found the strong interband optical transitions of the graphene
monolayer or bilayer, which can be significantly changed by
electrical gating.'® This adjustability via adopting external
voltage has been widely utilized for contriving optical
devices in the past years.'>'*"

In this letter, we investigate the high light confinement,
field enhancement, and gradient force between two graphene
layers, which may provide higher tunability than other
2D-materials.”®*”" Furthermore, we clearly compare the
different enhancement and light confinement at different
wavelengths by showing the electric field distribution. On
this basis, we analyze the gradient force of different intensity.
In our simulation, a longer propagation length gives rise to
higher Fermi energy, larger wavelength or wider separation.
Higher Fermi energy, larger wavelength, or narrower separa-
tion should be applied to obtain a higher field enhancement.
A larger confinement ratio can be achieved with higher Fermi
energy, larger wavelength, or narrower separation. To sum

T he potential for optical force to move micron-sized
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up, larger gradient force comes with lower Fermi energy,
larger wavelength or narrower separation. These excellent
performances may be conducive to optical manipulation at
nanoscale and growth of photonic devices based on 2D
materials.

As a distinctive feature of graphene, the complex con-
ductivity can be effectively adjusted via changing the Fermi
energy Er (through the adopted electric field), chemical
doping or ground plane evenness.”” Under such circum-
stances, graphene can exhibit properties of metals or di-
electrics. Moreover, it can support both transverse magnetic
(TM) and TE waveguide modes. The conductivity of
graphene can be expressed as

2
agziLﬂT. E—i—21n exp _Er +1
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In this expression, e denotes the electron charge, % is the
reduced Planck’s constant, and kg stands for the Boltzmann’s
constant. The first two terms of this formula are respectively
introduced from the intraband and interband transition. At the
room temperature, Fermi energy is invariably higher than half
of photon energy for highly doped graphene in the simulated
mid-infrared spectrum. Under such circumstances, thus, the
intraband transition is in a dominant position and the
interband transition is disregarded. The Kubo equation can
be simplified to
)
0y = — ie EF. — )
wh(w + i7"
in which the carrier relaxation time is 7= ppudevy
p=10000cm*> V' s7! is the carrier mobility and
ve=¢/300 is the Fermi volicity in graphene. The graphene
layer can be treated as an ultrathin slice. The permittivity can
be expressed as

% 3)

wepty
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In this equation, fy =0.34 nm is the thickness of mono-
layer graphene. The surface plasmon polaritons modes can
propagate in the monolayer graphene in the range from THz
to the visible frequencies.
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(Color online) (a) The structure of the proposed face-to-face graphene layers; (b) diagrammatic sketch of the sectional view of the proposed structure

and distribution of |E| along the y direction; (c) the relative permittivities of graphene when the Fermi energy Er = 0.3 eV in the mid-infrared regions.

The schematic of graphene slot waveguide is exhibited in
Figs. 1(a), 1(b) shows the sectional view of the structure. The
two monolayer graphene waveguides with the same thickness
1o are vertically aligned with a separation g. The length of the
structure is 2 ym and the width can be seen as infinite. The
fundamental mode propagates along the x direction.

In order to inspire the understanding of physics, the
performance of a graphene slot waveguide is analyzed by
adopting an analytical model of coupled ribbon waveguides.
The field of the TM waves can be expressed by the following
equations”"

2 2
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where 6 stands for the phase shift of the optical field at the
middle of each waveguide. The transverse vector in graphene
ribbons k,, the decay rate in air y, and the propagation constant
of the fundamental mode ( are interrelated as follows:
) 2

Phoy pov-i (©)

gy Ex
where ¢, and ¢, are the anisotropic permittivity of graphene
and kg is the vacuum wavenumber. By assuming that the
tangential electric and magnetic field components are contin-
uous at interface between graphene and air, the propagation
constant § can be obtained by solving the equation below:
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Thus, based on above equations, the dispersion and field
distributions of plasmonic modes can be educed.

Through integrating the Maxwell Stress Tensor around a
discretional surface containing the graphene pairs, and the
gradient force f, can be calculated.’” By defining®”

Ty = eo(E:E; — 6;E*/2) + po(H:H; — 6;H?/2), (®)
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where § is the Kronecker delta function, the normalized
gradient force along the y direction is defined as

£ = 55 Tds - n,, ©)

where S is the surface of the volume containing the graphene
pairs and n, is the unit vector along the y direction. In
conformity to the energy conservation law in the parallel
graphene layers, this force can also be described as

_ 1 aneff

I = (10)
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Fig. 2. (Color online) Dependence of the real effective index on the e l E A=151

(a) wavelength and (b) gap distance and dependence of the propagation
length on the (c) wavelength and (d) gap distance.

The dependence of the real effective refractive index and
propagation length of the fundamental mode on the wave-
length and the gap distance is shown in the Fig. 2. The Fermi
energies are Er=0.1, 0.3, 0.5, 0.7 and 0.9 eV, respectively.
The separation between the graphene pair is 10nm in
Figs. 2(a)-2(c) and the wavelength is 5 um in Figs. 2(b)-
2(d). All simulations are performed using finite element
method employing COMSOL Multiphysics.

In Fig. 2, the higher index can be achieved at a smaller
wavelength, gap distance or lower Fermi energy, and a longer
propagation length accompanied by a smaller effective
refractive index. We can explain the dependencies in Fig. 2
by Eq. (6), leay — ky2/|5X| =ko>. As the wavelength de-
creases, the term kg increases, while |e,| decreases. Because
ky, solely rests with the geometric size of the waveguide along
the y direction, the larger index and shorter propagation
length can be obtained due to the smaller wavelength.
Respecting the dependencies on the gap distance, the larger
distance results in the smaller k,, which further brings about a
smaller index and longer propagation length. As we can see
from Fig. 2, the propagation length can reach 63 ym, and an
even longer propagation length can be obtained by further
increasing the Fermi energy.

The field enhancement is defined by the ratio of the electric
field component |E,| in the slot region at y = g/2 to the one at
upper graphene-air interface y = g/2 + . The enhancement
ratio can be educed from Egs. (4) and (5):

X% + k)

ratio = .
x%e% tanh? (xg/2) + k;

(11

In addition, we analyzed the light confinement ratio, which
is defined as the ratio of the integrated Poynting vector P, in
the domains between and outside the graphene layers

d/2 00
&= f Pzds/f P.ds.
—d/2 —o0

As can be seen from Figs. 3 and 4, the enhancement is
decreasing when the wavelength and Fermi energy decrease,
or the gap distance increases. Similarly, just as Fig. 3(c)
shows, the field components of |E,| and E, are more strongly
confined in the two graphene layers as the wavelength

(12)
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Fig. 3. (Color online) Dependence of the (a) enhancement and

(b) confinement ratios on the wavelength. (c) Field profiles of |Ey| and E;,

with different wavelength, respectively. The separation of the graphene pair
is 10 nm.
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Fig. 4. (Color online) Dependence of the (a) enhancement and
(b) confinement ratios on the gap distance. The wavelength is 5 ym.
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Fig. 5. (Color online) The optical gradient force with different
(a) wavelength and (b) gap distance. Distributions of |E| along the y-axis with
different (c) wavelength and (d) Fermi energy.

decreases, which weakens the enhancement. In the meantime,
as the separation d decreases, the interactions between the
graphene layers get stronger. As a result, a larger field
enhancement is obtained. Mathematically, on the basis of

© 2019 The Japan Society of Applied Physics
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Fig. 2(a) and Eq. (6), the decreasing wavelength or Fermi
energy results in the larger propagation constant 3 and decay
rate y. The value of tanh2(yg/2) in Eq. (11) increases as y
increases while it is located within [0, 1], which causes a
smaller enhancement.

In Figs. 3(b) and 4(b), the light confinement ratio can be
enhanced via higher Fermi energy while it decreases as the
wavelength decreases. The higher symmetry of the field
profile gives rise to the increasing power propagating within
y=1[g/2 + d, «]. Owing to this, the lower confinement ratio
is obtained. As can be seen from Fig. 4(b), the ratio
diminishes as the separation increases. When the separation
of the graphene pair is 10 nm and the wavelength is 20 pm,
the enhancement can reach 18 and the light confinement ratio
is nearly 97%. Furthermore, they can be even higher with a
longer wavelength or Fermi energy.

The dependence of gradient force on the wavelength and
separation is severally shown in Figs. 5(a) and 5(b). The
separation of the graphene pair in Fig. 5(a) is 10 nm, and the
wavelength in Fig. 5(b) is 5 um. To deepen the understanding
of the mechanism behind, we show the distribution of a
normalized electric field |E| along the y-axis in Figs. 5(c) and
5(d). Just as Fig. 5(a) shows, a negative value implies an
attractive force. It can be enhanced with a smaller Fermi
energy or longer wavelength. While the wavelength is less
than 6 pum, it suddenly diminishes since the wavelength
decreases owing to the weaker interaction between the
graphene pair. When the wavelength is longer than 4.5 pym,
the optical gradient force is stronger with a lower Fermi
energy. Figure 5(b) shows that the lower Fermi energy or
narrower separation of the graphene pair is when the gap
distance g is shorter than 13 nm, the stronger optical gradient
force will be acquired. However, while the gap distance is
longer than 40 nm, the optical gradient force decreases with a
longer gap distance or a lower Fermi energy. In addition, it
can be further enhanced by enlarging the wavelength,
diminishing the separation of the graphene pair or reducing
the Fermi energy. By contrasting Figs. 4(a) and 5(b), we can
find that the largest enhancement is accompanied by the
weakest force when the separation between the graphene pair
is 10nm. It can be explicated by the distribution of |E|.
Although the enhancement ratio at 0.1 eV is lower than that
at 0.9 eV, the slope of |E| in the region y=[g/2 + d, ] is
much larger when Er=0.1eV. On account of the strong
dependence of gradient force on the gradient of field
damping, this force should be much stronger at 0.1 eV than
that at 0.9 eV.

To summarize, we have proposed a new method to acquire
high light confinement, field enhancement, and gradient force
via uniting a slot waveguide structure with graphene. Higher
Fermi energy, longer wavelength or wider separation give
rise to a longer propagation length. If higher field enhance-
ment is needed, higher Fermi energy, longer wavelength, or
narrower separation should be applied. Higher Fermi energy,
longer wavelength, or narrower separation contributes to a
higher confinement ratio. Overall, stronger gradient force can
be acquired with lower Fermi energy, larger wavelength or
narrower separation. With the gap distance g = 100 nm, the
wavelength A =35 pym and the Fermi energy Er=0.9¢V, a
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propagation length as long as 79.5 um can be achieved. With
the wavelength A =20 pum, the gap distance g = 10nm and
the Fermi energy Er = 0.9 eV, an enhancement ratio up to 16
and a light confinement ratio up to 97% can be obtained. An
optical gradient force f=20nN pm ' mW ' can be
achieved with Er=0.9eV and the gap distance g = 10 nm.
And the results can be even better by tuning the wavelength,
the gap distance and the Fermi energy. These superior
performances would contribute to optical manipulations at
the nanoscale level as well as the growth of graphene-based

photonic devices.
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