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Abstract—Graphene has recently emerged as a possible platform for integrated optoelectronics and hybrid
photonic devices because of its promising electronic and optical characteristics. Here, we propose the active
tuning of hybrid plasmonics in intrinsic graphene-based gold rectangle nanotrench by modifying the
graphene electron system. We found that the plasmonics response in graphene thicknesses can be unprece-
dentedly tuned by altering the thickness of thick graphene covering nanotrench geometry. It is explained as
the active plasmonics hybridization leading to the tunability of the enhanced e-field localized within the
graphene-covered metallic nanotrench. This study can be useful for optoelectronic devices based on hybrid

graphene structures at IR wavelengths.
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In recent years, graphene has been introduced to
the field of plasmonics [1] and offers fresh ways to
operate and confine light on the nanoscale.
Graphene, a single atomic film of graphite, has fasci-
nated great attention since it was first isolated by
mechanical exfoliation in 2004 [2]. Graphene exhibits
a thin body, a unique energy band structure, excellent
electrical transport properties, high mechanical and
thermodynamic strength [2—7], which make it a capa-
ble candidate for future nanoelectronic devices.
Graphene can be patterned to different periodic plas-
monics resonators such as ribbons [8—11], disks [12—
15], and cross shapes [16], due to plasmonics polari-
tons excitations with the photons incident from the
vacuum.

Most of the previous investigations focused on
graphene plasmonics with respect to the intrinsic
graphene, because the nano-scale thickness of
graphene (~0.335 nm) the electron properties tuning
can be severely limited due to the electrons deficiency
in the intrinsic graphene [17]. Recent studies have
found that the graphene-thickness within ~2.68 nm
can exhibit superior properties compared to the intrin-
sic graphene (~0.335 nm) [17]. Here, the thick
graphene treated as thinned graphite with atom layer

less than 10. Along with intrinsic graphene, graphene-
thickness is of interest for future device applications.
Although broad studies have been carried out on the
physical properties of graphene-thickness, less is
known about the active electron tunable plasmonics
properties of graphene-thickness structures. The real-
ization of active tunable plasmonics phenomena
demonstrated in past with different noble nanostruc-
tures, such as using nano-bowtie antenna [18],
nanowire tirmers [19, 20], and hole-slit nano-aperture
[21] to promote the wide range of applications for sen-
sors. Amongst them, the hollow trench geometry
milled in a metal film had attracted much interest due
to its unique plasmonics property based on the trench
plasmonics. The electromagnetic radiation is deter-
mined at the bottom of a triangle trench milled in a
metal film, which has been first predicted [22] and
then experimentally revealed [23] for subwavelength
confinement and moderate propagation loss. Rectan-
gular nanotrench unique structure was also demon-
strated milled in gold without graphene-thickness
plasmonic indication, for realizing the single-mode
channel plasmon polaritons guiding featuring sub-
wavelength confinement and sensible propagation loss
at telecom wavelengths [24]. In spite of these benefits,
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to achieve high tunable plasmonics at the infrared
region is still challenging as rectangular trench which
is composed of gold. Thus, there is a need to explore a
novel way that can enhance the hybridization in
gold/graphene especially in the nanoscale structure
like rectangle nanotrench. Furthermore, thick
graphene can be unprecedentedly tuned at infrared
regime by modifying carrier concentration [4]. The
use of graphene-thickness covered noble rectangular
nanotrench can bring potential benefits, which can
greatly enhance e-field at nanoscale region compared
with pure metallic plasmonics nanostructures. It is
believed that the plasmon properties on typical
hybrid-trench geometry can be modified with differ-
ent graphene thicknesses [25]. This offers a novel
method for the active tuning of the e-field enhance-
ment in graphene and its nanostructure. To gain accu-
rate and effective plasmon modes, it has remained a
challenge for plasmonic nanodevices and has not so
well understood with graphene thicknesses based
nanostructures. It enables the new opportunity for
promoting the nanodevices applications for the rect-
angular nanotrenchs, especially for poorly fabricated
nanotrench geometry with size and shape different
from the designed one. However, the physics behind
the graphene-covered noble system at wide infrared
regime is still puzzling, especially when the graphene
hybridization is actively tuned based on the graphene-
thickness covered rectangle nanotrench. Therefore, it
is important for understanding and exploring the plas-
monic applications of the rectangular nanotrench.
Besides that, it is also important to understand the
plasmonic properties of graphene thicknesses with a
rectangular nanotrench to explore a wide range of
potential application, especially on the nanoscale
level.

Here, we propose hybrid nanostructure using of
finite element method (FEM), in which graphene-
thicknesses are coated on rectangle dielectric nano-
structure. We investigated the tunabilities in graphene
electronic system; the graphene modifies the thick-
ness with the higher impact of active tuning features.
This work demonstrates polaritons in a deep metal
localized resonance can couple differently with the
plasmon resonances in graphene thicknesses via tun-
ing graphene Fermi level and thickness configura-
tions. This may offer a practical way to experimentally
realize the tunable plasmonics hybridization in
gold/graphene nanotrench structures. The hybrid
plasmonic system described here differs mostly from
the previous work [26, 27] where intrinsic graphene
corresponds to alter carrier concentration in thick
graphene with limited e-field enhancement.

We designed 2D geometry of rectangle nanotrench
surrounded by the ambient medium. A perfect match-
ing layer is set at the outer region of geometrical rect-
angle nanotrench. We selected the RF module from a
commercial package, COMSOL, for solving the fields.
The Helmholtz electromagnetic equation is used in
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this complete geometry for describing the near-field
scattering process. Here, we carefully choose the FEM
meshes as a triangle with the specific length of nano-
meters to assure the accuracy of the simulation results.
In addition, the parameters of excited graphene with
respect to the Fermi energy alterations are modeled
with the surface optical conductivity that achieved by
L 2ie’kyT

Kubo—Greenwood formula [28]:
inta — o . 1. In |:2COSh ( EF ji| P (1)
o+ it,) 2kgT
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In the equation set, 7 is the temperature set as 300 K

(room temperature), kg is the Boltzmann constant and
Eris the Fermi energy of excited graphene.

The schematic illustration of the hybrid plasmonic
system is shown in Fig. la. Rectangle nanotrench
milled on gold film is coated on the top of the silica
substrate. Graphene with a specific thickness is coated
on the top of the rectangle nanotrench structure,
where Wis width and D is the depth of the nanotrench,
respectively. Furthermore, mechanical exfoliation
adopted for fabricating thick graphene from graphite
via the milling process. Bulk graphite with specific
thicknesses is used here, as layered-graphene effect is
considered and only layer to layer interaction is
ignored. With the help of electron beam evaporation
technique, a gold film is coated on a silica substrate.
Then chemical vapor deposition (CVD) and the
graphene transfer methods can be used to coat the
graphene thicknesses on the rectangle geometry [27].
D and W are considered as a variation to modify the e-
field properties such as enhancement and resonance
wavelengths. In the current study, we have adopted
tuning the Fermi level which corresponds to the 2D
carrier concentration of graphene. Generally, an
intraband and interband in graphene, photons with
energies above 2E absorb due to transformation into
the vacant states above the Fermi level. Their transfor-
mation can be analytically stated in terms of the opti-
cal conductivity of graphene. The Fermi energy (Ey) is
given by

EF = hVFkF = th\lnng,ZDa (3)

where, n, ,p is the carrier concentration in the two-
dimensional graphene, v is the Fermi velocity (~1 X
10° m/s), and k is the Fermi wave vector. This linear
dispersion indicates that charge carriers in graphene
perform as massless Dirac fermions. As reported, most
of the previous works consider few layer graphene to
be graphene sheets with no more than few specific lay-
ers. In the current model, we treated the graphene
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Fig 1. (a) The schematic illustration of the hybrid plasmonic system, gold film covered with intrinsic graphene (bee hive struc-
ture). The direction (k) of the incident light is perpendicular to the surface and localized e-field distributions (E) are parallel to
the surface of the rectangle nanotrench. And point in the bottom right corner indicates where all results are taken. (b) Map of
active tuning guideline for the wide infrared regime. It shows the tunabilities function of the rectangle nanotrench and Fermi lev-
els with respect to the different wavelengths. The red area (in the online version of the article) shows the plasmon resonance state

of rectangle trench nanostructure.

thickness as few atom layer graphite, the force of Van
der Waals of different atom layers of intrinsic graphite
is only considered. However, in our simulations work,
it is taken that each graphene sheet has effective thick-
ness of 0.335 nm and total corresponding thickness of
few layer graphene is = 2.68 nm. As a result, the
dielectric function of few layer graphene can be
acquired from its optical conductivity o(®) and the

thickness of graphene 7, as [29—31]:

€,(0) = i0(0)/(&f, ). C))

This is the basic reason for many novel electronic
and optical properties of graphene-like large carrier
mobility and allowed interband transitions from tera-
hertz to visible frequency [32, 33]. Due to these prom-
ising electrical properties, the plasmonic response can
be tuned from infrared to terahertz by increasing car-
rier concentration in graphene.

The map of e-field enhancement in hybrid plas-
monic rectangle nanotrench structure with respect to
the wavelength and graphene Fermi level is shown in
Fig. 1b. Also it is taken from the right bottom corner
point of the nanotrench. The red highlighted region
indicates the plasmon resonance state. It is observed
that the red-shift can be realized with the decreasing of
Fermi level from 1.2 to 0.5 eV. It shows that this red-
shift locates from 11.750 to 18.350 wm at the wide
infrared frequencies. On the other hand, it demon-
strates that the resonance wavelength of the rectangle
nanotrench significantly increases blue-shift with
Fermi levels. It can be explained as the emerged hybrid
metallic resonance for a high Fermi level graphene.
Furthermore, the usage of this map we adapt an active
tuning guideline for the wide infrared regime. It can be
helpful for tuning the plasmonic properties of design
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hybrid rectangle nanotrench structure via altering
Fermi levels. It should be noted that the e-field
enhancement in hybrid plasmon resonance needs
more study especially tuning the carrier concentration
at the wide infrared region.

Figure 2 demonstrates the calculated results of e-
field enhancement for various thicknesses of graphene
with Fermi levels alteration at the bottom of gold rect-
angle nanotrench with respect to the different reso-
nance wavelengths. We can see from Fig. 2a that the e-
field enhancements for synthesized nanotrench
exhibit one main peak and two sub-peaks by tuning
the Fermi level from 0 to 1.2 eV. The maximal e-field
enhancement of 3.6 X 103 as the main peak is observed
at Fermi level around 1.05 eV. The obvious tuning of
the resonant wavelength of the intrinsic graphene
(0.335 nm) geometry can be clearly observed in the
infrared regime. We can see from Fig. 2b that the sub-
peaks are emerging up, which is relative to the main
peak of Fermi level of 1.1 eV. However, the e-field
enhancements are totally lowered for all peaks com-
pared to the intrinsic graphene geometry in Fig. 2a.
The maximal resonance wavelength goes down, but
the basic profile remains unchanged as increasing the
graphene thickness from 0.335 to 0.67 nm. It can be
seen from Fig. 2¢ that the main e-field enhancement
peak approaches the highest point of thickness at
1.005 nm compared to 0.335 and 0.67 nm thickness
based geometries. However, these sub-peaks are com-
paratively smaller than main peak of the thick
graphene-covered rectangle metallic nanotrench. The
maximal resonance wavelength continues to go down
for the thickness 1.005 nm based geometry. We can see
from Fig. 2d that the maximal e-field enhancement at
Vol. 46
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Fig. 2. Calculated results of e-field enhancement for thickness of (a) 0.335 nm, (b) 0.67 nm, (c) 1.005 nm, (d) 1.34 nm graphene,
with Fermi levels alteration at the bottom of gold rectangle nanotrench with respect to the different resonance wavelengths.

the main peak of 3.55 x 10° is decreased compared to
(6.9 x 10°) 1.005 nm thick graphene.

The sub-peaks are emerging at the right side of the
main peak. The result of e-field enhancements at the
1.34 nm geometry evidently gets weaker as compared
to 1.005 nm. The above-mentioned results of the
e-field enhancement based on gold rectangle nano-
trench by tuning the Fermi level can originate from the
enhanced plasmon hybridization with respect to the
graphene thicknesses, which will be further explained
in the following section in details.

The plasmonics hybridization from gold/graphene
with tuning the carrier concentration and graphene
thicknesses are shown in Fig. 3. We can see from
Fig. 3a that thickness 1.005 nm can be observed with
obvious e-field enhancement and maximum tuning
increases with the decreases of the resonance, the
maximal main peak of enhancement reaches to 6.9 X
10° with the 1.18 eV Fermi level in respect of 6.950 um.
Furthermore, Fig. 3b shows resonance wavelength
with respect to the e-field enhancement correspond-
ing to different graphene thicknesses. It can be pre-
dicted that the resonance wavelength can be obviously
decreased from 12.350 to 4.550 um as increasing the
graphene thicknesses from ¢, to %. It can be associated
with dominant role of the metallic property for
gold/graphene hybridization system with enhanced
thickness of graphene, where the graphene plasmonic
hybridization with gold is trending to the metallic
regime [34]. Moreover, it should be noted that maxi-
Vol. 46
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mal resonant wavelength positions are observed at
28.950 and 20.550 um with graphene thickness of ¢, =
0.335 nm and ¢, = 0.67 nm, respectively. Interestingly,
at 1; = 1.005 nm, the maximal e-field enhancement

with of 6.9 x 10° factor is obtained. It can be explained
as with graphene thickness of #; = 1.005 nm targets can
be qualified to support the strongest plasmon reso-
nance suggesting graphene characteristic with respect
to its thickness. It is reported that such properties of
graphene shall be preserved till the thickness
approaches 1.005 nm. Above 1.005 nm, the e-field
enhancement decreases rapidly because of the fading
of graphene characteristic during the hybridization
from gold/graphene [17]. It can be clearly seen that as
the graphene thicknesses within 1.005 nm have high
performance, but when it exceeds to 1.675 nm, the e-
field enhancement drops gradually, which is origi-
nated from the almost disappeared role of graphene
participating in the hybridization until graphene
thicknesses #, = 2.01 nm, #, = 2.345 nm, and % =
2.68 nm. The results can be helpful for selecting the
optimal graphene-thickness for graphene-based
metallic plasmonic devices applications of nanoli-
thography, high-sensitive SERS, sensors, and opto-
thermal therapy.

Figure 4 shows the simulation results of gold rect-
angle nanotrench covered by 1.005 nm graphene
thickness with respect to the modifications of the
width W and depth D. By increasing the length of the
rectangle nanotrench from 105 to 145 nm, the e-field
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Fig. 3. (a) Maximal e-field enhancement realized in 1.005 nm thickness of graphene with the main peak of 6.9 x 10° at the 1.18 eV
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are calculated within 1.005 nm graphene-thickness.

enhancement is evidently red-shifted from 6.550 to
7.350 um. It exhibits stronger e-field enhancement of
6.9 x 10° with respect to 6.950 m resonance wave-
length at the depth of 125 nm. It can be explained as
the enhanced plasmon hybridization as the length
increases from 105 to 125 nm. Further, it can be
observed that by increasing the length of rectangle
nanotrench from 125 to 145 nm, plasmonic interac-
tion become weaker and e-field enhancement declines
rapidly as a result of weak e-field distribution in
increased rectangle nanotrench width [23]. The results
show that enhancement peaks can be excited and
affected by the hybrid plasmon interaction in a wide
wavelength range in mid-infrared from 6.550 to
7.350 um. The plasmonic interaction can also corre-
spond to resonance wavelength active tuning tendency
with different lengths of the nanotrench. Active tun-

TECHNICAL PHYSICS LETTERS

ability of graphene thicknesses with the excitation of
electric hybrid plasmon resonance may have possible
applications for infrared band graphene photonics and
optoelectronics.

In conclusion, we have theoretically investigated
the tunable plasmonics properties on a rectangle
nanotrench which composed of gold and thick
graphene. It is found that active tunabilities can be
well controlled by altering Fermi levels from 0 to
1.2 eV. It is demonstrated that rectangle nanotrench
can cause obvious e-field enhancement of 6.9 x 10°
within 1.005 nm graphene-thickness. However, after
1.005 nm e-field enhancements get weaker with
increasing thickness of graphene, due to graphene-
thicknesses and plasmon resonance off. Moreover, the
e-field enhancement also can be tuned flexibly by
changing the width W and depth D of the nanotrench.
2020
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This type of hybrid plasmonics in graphene shows very
striking features including active tunabilities, efficient
light-matter interactions, and electrical controllabil-
ity. The tunable properties finding of rectangle nano-
trench based on thicknesses of graphene nanotrench
may facilitate the design of next-generation nano-
scale level optoelectronic systems and sensors at wide
IR range.
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