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Anderson localization of surface plasmons in monolayer graphene
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Graphene is a two-dimensional material that has been highly regarded with its unique features to excite surface
plasmonic waves. In this paper, we present the Anderson localization of surface plasmons in monolayer graphene.
Here we proposed an active plasmonic device that consists of a monolayer graphene on silicon random grating
to trap the surface plasmons in local cavities that are created by random multiple scattering. The quality factor
of localized graphene surface plasmons (GSPs) is greater than the corresponding factor for uniformly distributed
GSPs in periodic silicon substrate (reported before) up to three times. The field intensity of spatially localized GSPs
in monolayer graphene is increased by a factor of 15 compared to GSPs in periodic grating. Our simulation results
also show that the bandwidth of excitation spectrum of GSPs is extended as a result of introducing randomness in
period in order to realize the desired random grating structure. Although the tuning of resonance frequencies of
Anderson localized GSPs is a challenging task due to its random nature, here we tune the resonance frequencies of
localized surface plasmons by using an external gate voltage for adjusting the Fermi level of monolayer graphene.
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Surface plasma waves are coherent oscillation of free
electrons in metal which are coupled with an incident elec-
tromagnetic wave and play an important role in nanostructure
devices. The emergence of very thin two dimensional materials
like graphene improved the feature of plasmonic waves in
these materials ranging from highly confined surface plasmons
with relatively low loss to tunability of graphene carrier
density or resonance frequency of graphene surface plasmons
(GSPs); compare to traditional metals plasmonic materials
[1–11]. Due to exotic properties of GSPs they can be used
in many practical applications, such as biological sensing
[12], plasmonic graphene ribbon waveguide [13], plasmonic
modulators [14], detectors [15], and metamaterials [16].

Beside the interesting features of GSPs their excitations are
in an acute contention in recent years, since there is a phase
mismatch between incident wave vector of electromagnetic
field in free space and GSP wave vector. Micro- and nanoribbon
arrays as a substrate for monolayer graphene are more attracted
to remove the phase matching problem by researchers [17–23].
In this approach there is no need to pattern graphene sheet,
like in the micro- and nanoribbons graphene arrays method,
and therefore the quality of carrier mobility is increased and
improves the excitation efficiency of plasmonic waves in
monolayer graphene.

On the other hand, study of Anderson localization (AL) of
surface plasmonic waves has attracted extensive attention in
recent years [24–27]. This localization for plasmonic waves is a
consequence of interference effects that are created by multiple
scattering of propagating waves in a disordered medium. Under
this situation the diffusive transport of wave across the medium
is converted to spatially localized plasmonic wave. Due to the
subwavelength confinement of plasmonic waves in monolayer
graphene, the multiple scattering effects are more pronounced
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for GSPs. As a result of radiation leakage and inherent ohmic
loss of plasmonic waves in traditional plasmonic materials the
emergence of AL in these materials is a challenging task. Al-
though plasmonic waves in graphene are far from these disad-
vantages, the Anderson localization of plasmonic waves are not
reported in graphene based random nanostructures until now.

In this paper we simulated the emergence of AL in an active
plasmonic device based on graphene. This plasmonic device is
composed of single layer graphene that covers the surface of
random silicon nanograting. New localized GSP resonance
frequencies (with respect to GSP resonance frequencies appear
in periodic nanograting) can be excited by moderate disordered
nanograting substrate. These localized random GSP modes
are confined deep subwavelength and their quality factors are
enhanced, from 60 for periodic gratings to a maximum of 150
for random grating. Here, we demonstrate that the bandwidth
of excitation spectrum of GSPs are extended in random grating.
The result shows that the localized GSP mode frequencies
can be tuned with small change in the chemical potential
of graphene. This structure opens new windows to fabricate
high efficiency active modulators, sensors, metamaterials, and
random metasurfaces based on graphene. Also, the localized
GSP modes with high intensities can be used to study the
nonlinear effects near the graphene sheet.

A schematic of the designed diffractive grating is shown
in Fig. 1. As observed in Fig. 1(a), the monolayer graphene
is placed on a silicon grating substrate and the structure is
enclosed by air. The parameters w1, w2, h, and p are the
width of the silicon trench, width of the air trench, depth of
the trench, and period of grating (p = w1 + w2), respectively.
This structure is easy to fabricate by patterning and etching
shallow trench on silicon wafer. A normal-incidence EM wave
is used to excite GSPs in monolayer graphene. The direction
of the incoming electric field is perpendicular to z axis along
which the structure is infinite, in order to excite plasmonic
waves in graphene.
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FIG. 1. Schematic illustration of the grating-graphene nanos-
tructure under normal plane wave incidence. (a) Periodic grating
(with zero randomness, δ = 0%) with the following dimensions:
h = 100 nm,w1 = w2 = 50 nm, and p = 100 nm for the height, air
trench, and silicon trench width of the grating and period, respectively.
(b) Typical random grating with the same height of part (a) and random
period with randomness strength of δ = 20%.

The thickness of the graphene layer is assumed to be 1 nm
and the optical conductivity of graphene is calculated with
random-phase approximation (RPA) as [28]

σ (ω) = 2ie2kBT
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where e is the electron charge, ω/c is the wave vector of photon,
kB is the Boltzmann constant, T = 300 K is the temperature,
Ef = 0.62 eV is the Fermi energy level, and τ = μEf /eV 2

f =
6.2×10−13 s is the momentum relaxation time, where
Vf = 106 m/s is the Fermi velocity and μ = 10000 cm2/(V s)
is the carrier mobility of monolayer graphene. Anisotropic
dielectric constant of monolayer graphene is described by a
diagonal tensor where the out of plane graphene permittivity
is εr11 = 2.5 based on graphite dielectric constant and the
in-plane graphene permittivity is characterized by dielectric
function of εr22 = εr33 = 2.5 + iσ (ω)/ε0ωt in which ε0 and
t are vaccum permitivity and thickness of graphene layer,
respectively. In our simulation, the spectrum range is below
the optical phonon frequency of graphene (1667 cm−1), so
damping due to the electron interacting with the optical
phonon is insignificant [29–31].

The multiple scattering of the incoming EM wave in this
periodic grating can compensate the phase mismatch between
EM wave vector and plasmonic wave vector. The phase match
equation that relates the grating period (p) and the incident EM
frequency is given by Re[β(ω0)] = (ω0/c)sinθ + 2π/p, where
c is the speed of light, θ is the incident angle of the EM wave,
Re[β(ω0)] is the real part of in plane plasmonic wave vector in
graphene layer, and ω0/c is the vacuum wave vector k0. The
GSP modes would be excited at resonance frequencies that are
evaluated from this phase match relation. As a result of cou-
pling between guided mode resonance with incident EM wave,
deep notches are created in the transmission spectrum. The cal-
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FIG. 2. Normal-incidence transmission spectrum of graphene
based silicon grating for (a) periodic grating and random gratings
with (b) δ = 5%, (c) δ = 10%, and (d) δ = 20%.

culated normal-incidence transmission spectrum for periodic
grating is shown in Fig. 2(a). The deep notches in this figure
are related to the excitation of first and second GSP resonance
frequencies. According to Fig. 2(a), the first GSP normal mode
at 38.7 THz has a Q factor of 60. The normalized field intensity
distribution (|Ex |2/|E0|2) on the graphene layer as a function
of frequency and the position on the graphene is shown in
Fig. 3(a). Here |E0|2 is the maximum value of |Ex |2 for periodic
grating. Figure 3(a) illustrates that GSPs can be excited in nar-
row bandwidth around the first and second resonance frequen-
cies in the periodic grating nanostructure. The sideview electric
field distribution at first (38.7 THz) and second (54.8 THz) res-
onance frequencies for about 2.5 μm of periodic grating in x-y
plane are shown in Figs. 4(a) and 4(b), respectively. Accord-
ingly the number of lobes in one period is different in the spatial
profile of the electric field (in x-y plane) for these GSP modes.

The grating period is an important parameter to determine
the resonance frequencies of GSP modes. Thus disorder is
introduced in the period of diffractive grating by varying the
width of air trench and silicon trench (w1,w2) randomly by a
fractional amount, δ, along the grating. For example, a random
grating with δ = 10% disorder means that the w1 and w2 width
would be randomly changed between 45 nm and 55 nm for
each silicon trench and air trench. Under this situation, the
phase match relation is not satisfied because there is random
value for period of grating and the GSP’s resonance frequencies
have been determined by random interference effect. Here we
choose three levels of disorder, δ, varying between 5% and 20%
to study the influence of random diffractive grating in GSP
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FIG. 3. Normalized field intensity distribution |Ex |2/|E0|2 as a
function of frequency and the position on the graphene for (a) the pe-
riodic grating and for random gratings with (b) δ = 5%, (c) δ = 10%,
and (d) δ = 20%. Here |E0|2 is the maximum value of |Ex |2 for
periodic grating.

modes. From the normal-incidence transmission spectrum for
different randomness strength, see Figs. 2(b)–2(d), one can
show the nonsmooth behavior of transmission around the above
mentioned two modes (in periodic grating), so that many
narrow notches (GSP resonance modes) are created around
the resonance frequencies of the normal modes (in periodic
case) that are shown in Fig. 2(d). By inspection of this figure
it appears that the notch at 39.1 THz is nearly similar to the
first mode of GSP in periodic structure and other resonance
frequencies such as 37.4 THz and 44.1 THz are created by
random interference effects. These additional random GSP
modes show resonance with quality factors of 156 and 150,
respectively. These highly localized GSP random modes with
high quality factors reported here each show an evidence of
Anderson localization of surface plasma waves in monolayer
graphene. The high quality factor of GSP random modes
indicates the lower rate of energy loss and higher stored energy
in the spatially localized resonators which are deduced by
Anderson localization effect.

The normalized field intensity (|Ex |2/|E0|2) distribution
as a function of frequency and the position on the graphene

FIG. 4. Sideview Ex-field distribution for about 2.5 m along the
graphene in x-y plane for (a) first mode of periodic grating and (b)
second mode of periodic grating. The Ex-field distribution for random
mode at 37.4 THz and 44.1 THz in random grating with δ = 20% in
(c) and (d), respectively.

for δ = 5% and δ = 10% is shown in Figs. 3(b) and 3(c),
respectively. Here |E0|2 is the maximum value of |Ex |2 for
periodic grating. One can identify from these figures that the
uniform distribution of E-field intensity for periodic grating
[see Fig. 3(a)] has been disturbed by random interference effect
and GSPs at a specific x position on graphene for frequencies
inside the gap, dark region in part (a), are excited. Comparing
the field distribution for random grating with δ = 20% [see
Fig. 3(d)] with periodic grating [see Fig. 3(a)] reveals that the
highly localized GSPs are excited in all frequencies except a
small gap exists between 45 THz and 50THz in random grating
compared to a larger gap (between 38.7 THz and 54.8 THz) in
periodic grating [Fig. 3(a)]. Therefore, the bandwidth of exci-
tation spectrum of GSPs in random grating structure is broader
than the corresponding bandwidth in the periodic grating.

The sideview electric field distribution for about 2.5 μm of
random grating in the x-y plane at frequencies of 37.4 THz
and 44.1 THz are plotted in Figs. 4(c) and 4(d), respectively.
As observed in these figures, the field distribution is spatially
localized in certain regions along the graphene which act
like a resonator. The local resonators are created by random
interference effects in random diffractive grating that caused
the confined oscillations of carriers (spatially localized surface
plasmon) in monolayer graphene which die out more slowly
through the neighboring points in the x direction.

Figure 5(a) demonstrates the field intensity distribution as
a function of frequency along the whole of the graphene layer
for the first mode of periodic grating. As observed in this figure
the GSPs are excited uniformly along the monolayer graphene.
Figure 5(b) illustrates the same field intensity distribution for
random grating with δ = 20%. By comparing the maximum
intensity of GSPs in these two figures one can see that the
amount of intensity in random grating is increased about 15
times the periodic one. This comparison manifests that the
GSPs in graphene with periodic substrate are converted to
highly localized GSPs in the random grating substrate due to
Anderson localization effects. The extremely localized GSPs
enhanced the EM intensity and consequently improved the
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FIG. 5. Field intensity distributions as a function of frequency
from 35 THz to 47.5 THz and the position on the graphene for (a)
periodic grating [compare with Fig. 3(a)] and (b) random grating with
δ = 20% [compare with Fig. 3(d)]. The subsets in parts (a) and (b)
magnify a small portion of these 3D diagrams.

light-matter interaction over the monolayer graphene and it
in turn proposed many new graphene plasmonic applications.
Also, the localized GSP modes with high intensities can be
used to study the nonlinear effects near the graphene sheet.

As we know the GSP resonance frequencies in an active
periodic grating can be tuned fast by external adjusting of
the Fermi level in graphene. On the other hand, frequency
tuning of localized plasmonic waves in traditional plasmonic
nanostructure (by metals) is a challenging task. Here, we
demonstrate that a Fermi level change of 140 meV, by changing
the gate voltage, causes a several THz shift of the localized
GSP resonance frequencies appearing in transmission spectra
of random grating with δ = 20%; see the three curves in Fig. 6.
According to this figure by increasing the value of Fermi
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FIG. 7. Normalized field distribution (|Ex |2/|E0|2) along the
whole of the graphene layer for (a) the first mode at 36.2 THz in
transmission spectrum with Ef = 580 meV, (b) the first mode at
40.5 THz in transmission spectrum with Ef = 720 meV, and (c) the
first mode at 44.4 THz in transmission spectrum with Ef = 860 meV;
see Fig. 6. Here |E0|2 is the maximum value of |Ex |2 for periodic
grating.

energy, the notches depth is increased since the excitation
efficiency of GSP random modes is improved. The normalized
field intensity distribution along the graphene layer for the
first GSP modes in three transmission spectra represented in
Fig. 6 are plotted in Fig. 7. It is shown from this figure that the
spatial field distributions in these localized modes for different
Fermi energy are nearly the same along the graphene layer. The
general fact that is extracted from this figure is that only the
type of the random grating substrate affects the general shape
of the spatial field distribution of excited GSPs in monolayer
graphene.

To conclude, we proposed a 2D active random plasmonic
device to excite the surface plasmons in a broad bandwidth in
monolayer graphene. The simulation results show that there
is a transition from uniform intensity distributed GSP modes
along the graphene in the periodic substrate excitation method
to strongly localized GSP modes in the random substrate exci-
tation method. These GSP modes occurred in several different
frequencies more than the corresponding ones in a former
method. We have shown that the resonance frequencies of
strong localized GSPs can be tuned by adjusting the Fermi level
in monolayer graphene. Furthermore, the spatially localized
GSPs also have larger quality factor and field intensity com-
pared to GSPs in periodic structure. The presented results will
open a window to development of optoelectronic devices. Also,
they may facilitate the preparation of next-generation optical
integrated systems based on graphene nanostructures such
as graphene based solar cell (increasing the solar absorption
bandwidth), spatial light modulators, and plasmonic sensors.
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