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ABSTRACT: Materials of reduced dimensionality (graphene, thin BN layers,
etc.) open new pathways to control electromagnetic fields at the nanoscale by
the excitation of tunable and highly confined propagating surface plasmon-
polaritons. However, compressing and channeling of plasmons along 2D
ribbons suffer from scattering at edges. The concept of using edgeless 2D
rolled-up sheets, in particular carbon nanotubes (CNTs), for potential
integration into plasmonic nanocircuits has not been explored yet. Apart from
supporting plasmons with extremely short wavelengths (providing thus a
strong light compression), the optical properties of CNTs are highly sensitive
to the environment and external fields. Here, we study the launching and
propagation of CNT plasmons in different key plasmonic structures, which
include both coupled CNT waveguides and coupled CNT—graphene
resonators. We also show an efficient way of launching and phase control
of propagating graphene plasmons with the help of a CNT antenna.

Graphene
isc

Combining CNTs with graphene could become a promising route toward ultracompact plasmon circuitry at the nanoscale.

KEYWORDS: carbon nanotube, graphene, plasmon

ecently, propagating short-wavelength graphene plasmons

(GPs) have shown their strong potential for the
development of mid-infrared (IR) and terahertz (THz)
plasmonics.'~'* The main advantages of graphene over metals
consist in its exceptional thinness and an efficient electrostatic
control of GPs. Moreover, in an infinitely extended graphene
sheet, plasmons have an extremely short wavelength, 4, 10 to
100 times smaller than the corresponding photon wavelength
in free space, 4, which shows their strong confinement to the
graphene sheet.

The degree of confinement of the plasmonic fields can be
further increased by a reduction of the dimensionality. For
example, in graphene ribbons of width w, comparable with the
GP decay length in the vertical direction, w ~ L, ~ 1/Re(k,) =
Ap/2m, plasmons have significantly shorter wavelength
compared to plasmons in an infinite graphene sheet."> In
practice, however, the graphene edges (while providing higher
local density of photonic states) introduce imperfections
(electrically inactive regions, etc.) and thus undesired losses.*

Here we demonstrate that in order to keep the degree of
confinement and avoid plasmonic scattering at edges, the
graphene (or another 2D material) ribbon could be rolled into
a cylinder. For example, carbon nanotubes (CNTs), naturally
rolled carbon monolayers (systems with a rich physics and
interesting applications in electronics, optoelectronics, and
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photonics'>'®), can perform as natural edge-free plasmonic
waveguides of reduced dimensionality. Besides their ability to
confine and guide IR plasmons, cylindrical 2D sheets (C2DS)
could be further combined with graphene-plasmonic elements
such as discs, ribbons, etc. C2DSs could thus have promising
application potential for building integrated tunable plasmonic
nanodevices.

We study the excitation and propagation of plasmons in
C2DS and combined C2DS—graphene structures by conduct-
ing full-wave numerical simulations. As an example of C2DS,
we consider single-walled CNTs, in which the existence of
plasmons is known,'®"”~** but not yet explored for nanocircuit
applications. We perform the calculations in the mid-IR spectral
range (from 8 to 12 pm wavelength) because of potentially
interesting near-field microscopy experiments." We also
illustrate energy transfer from one CNT to another via both
direct CNT plasmon (CNTP) coupling and by using a
graphene disc resonator. Finally, we utilize a finite-length
CNT as an antenna for launching propagating GPs into a
graphene sheet.

In order to model the optical properties of CNTs, we do not
take into account quantum effects, but instead, for simplicity,
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use the standard model of the conductivity for graphene (local
random phase approximation with the dominating Drude
term”****). This model has been shown to be a good
estimation for the optical properties of CNTs with sufficiently
large radii and for plasmon energies less than the Fermi level."’
Having in mind these restrictions, we will study here only large-
diameter CNTs (with diameters d ~ 10 nm). We expect,
however, usual CNTs (d & 1 nm) to show similar optical
behavior, but supporting plasmons with shorter wavelengths.
Notice that although large-diameter single-walled CNTs (d > 3
nm) are not commonly used, the technique for their fabrication
is known,>"*® and therefore CNTs of diameters considered
here are realistic.

Throughout the whole article we consider a Fermi level of Ey
= 0.3 eV and a charge carrier relaxation time of 7 = 0.5 ps
(corresponding to a mobility of y, = 1.67 X 10* cm* V™' s7') at
room temperature, T = 300 K. These parameters are typical for
graphene sheets in which graphene plasmons are observed in
the IR.">*” Since in this paper we consider graphene structures
where the separation between the Fermi energy and the Dirac
point is much larger than temperature and relaxation energy,
we neglect in our macroscopic electrodynamic analysis the
microscopic details of the edges."

We first study the dispersion relation of CNTPs and
compare it to that of plasmonic modes in either infinite
graphene sheets, graphene ribbons, or graphene edges. The
ribbon width w has been chosen to correspond to the
“unrolled” CNT, ie., w = nd, where d is the diameter of the
CNT. We calculate the modes by solving the eigenvalue
problem for graphene structures in free space (for simplicity).

Figure 1 illustrates both the dispersion and spatial
distribution of the absolute value of the electric field, |El, of
the plasmonic modes. Figure la shows the momentum of the
plasmonic modes, %,30 normalized to the free-space wavevector

1.6
c 0
pI

(c)
1. Ribbon

Re(q,) (a)

wavelength, A, um

Figure 1. Comparison of plasmonic modes in different graphene
structures: ribbon (green curves), edge (red curves), single-wall CNT
(blue curves), and infinite graphene sheet (black curves). (a) Plasmon
momentum, g, and (b) propagation length, L, are shown as a
function of the wavelength. (c) Schematic of the structures and the
spatial distribution of |El at the corresponding points in the dispersion
curves marked by the numbers. In each case the fields are normalized
to their values at the distance S nm away from the surface (cases “3”
and “4”) or from the edge (cases “1” and “2”), respectively. The
diameter of the nanotube and the width of the ribbon are d = 20 nm, w
= 62.8 nm, respectively. The parameters for the conductivity for all
structures are Fermi energy, Ex = 0.3 eV, relaxation time of charge
carriers, 7 = 0.5 ps, and temperature, T = 300 K.
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ko = 27/ as a function of free-space wavelength 4. One can
observe that the normalized momentum g, = k,/k, in an
infinite graphene sheet (black curve) is lower than that of the
plasmonic modes in all the shown structures, while the
plasmonic mode of the ribbon has the highest g, (green
curve). Notice that for the ribbon only the fundamental mode
with antisymmetric vertical electric field distribution is
considered. This mode appears due to the coupling of the
plasmons propagating along the opposite ribbon’s edges."?
Interestingly, the dispersion curves for CNTPs (blue curve)
and edge plasmons (red curve) intersect so that g, of CNTPs is
larger than q;, of edge plasmons for wavelengths longer than 4 =
9.2 um for the shown parameters. Another remarkable
observation is that the propagation length, L,, of plasmons in
the infinite graphene sheet and that of edge plasmons coincide
when represented in units of the plasmon wavelength 4,
(Figure 1b). This is due to the fact that the complex-valued
momentum of an edge plasmon, g, linearly scales with that of
plasmons in the infinite graphene monolayer, g,, so that g, =
1.23g,0- Most importantly, Figure 1b shows that CNTPs exhibit
the highest relative propagation length, L,/4, among all the
considered structures, even compared to plasmons in the
infinite graphene sheet (note that the Fermi level and mobility
are the same for all structures). Apart from the strong
localization of electromagnetic fields, a longer propagation
length is another key advantage of CNTs over graphene
ribbons for using them as IR plasmonic waveguides with
ultrashort wavelengths.

In practice, both graphene and CNT structures are placed
onto a substrate. Therefore, we next study the influence of the
substrate on the properties of CNTPs. In the inset to Figure 2a
one can see that g, linearly increases with the increase of the
dielectric permittivity of the substrate, &, similarly to GPs in an
infinite graphene monolayer, where g, ~ q0(1 + €)/2, with g,
being the momentum of GP in an infinite free-standing
monolayer. The field distributions shown to the right of Figure
2a indicate that for higher values of & the field of the mode is
enhanced in the vicinity of the contact between the CNT and
the substrate. Such a field concentration in CNT's could be used
for plasmonic sensing applications,” especially in cases when a
tiny quantity of material needs to be tested.

We next study the influence of the CNT diameter d on the
plasmon dispersion (Figure 2b). We find that the momentum
of CNTPs is higher for thinner nanotubes and monotonically
increases with the decrease of d, as follows from the inset to
Figure 2b. The momentum increase leads to a higher
localization of the CNTPs, as seen from the electric field
distributions shown to the right of Figure 2b. While the
plasmons for thinner CNTs become more confined, the
momentum mismatch between them and free-space radiation
gradually increases.

In order to compensate the large momentum mismatch, a
localized source (for example, a dipole) with a size smaller than
the CNTP wavelength can be used. Such a source provides the
necessary momentum components for launching CNTPs in
analogy with the launching of GPs.*” Figure 2c visualizes the
propagation of CNTP launched by a vertical electric dipole.
The spacing between the fringes of the same color in the
distribution of the vertical electric field E, along the CNT gives
the CNTP wavelength, 4, = 260 nm, which coincides with the
value from the eigenmode solution, 4, = 4/ Re(qp), thus clearly
revealing that the plasmon propagates along the CNT.
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Figure 2. Influence of the substrate and the size of the CNT on the momentum of the CNTPs, g, (a) g, as a function of the wavelength 1 for CNT
on different substrates. The CNT diameter is d = 20 nm. Inset to (a): g, as a function of the dielectric permittivity of the substrate at A = 10 ym. (b)
qp as a function of A for CNT of different diameters d in free space. Inset to (b): g, as a function of d at 4 = 10 um. The images located to the right
from each panel show the distribution of the absolute value of the electric field at 4 = 10 ym. (c) Spatial distribution of the vertical component of the
electric field created by a point dipole separated from the CNT by the distance of 5 nm. The parameters of the conductivity for both panels are the

same as in Figure 1.

Apart from potential applications related to guiding of the
plasmons and plasmonic sensing, CNT's can be used for spatial
modulation and power division of the electromagnetic fields.
We further consider the possibility of building up an efficient
directional coupler® ~>* by using two parallel-aligned CNTs.
Figure 3 illustrates the plasmonic coupling between two CNTs,
which are closely brought together (we take the separation
distance of 10 nm, to provide a high coupling efficiency; see
details in the Supporting Information). The plasmon is excited
by a vertical dipole placed S nm away from the surface of the
upper CNT (nanotube A) and 1 ym away from the beginning
of the lower CNT (nanotube B) (the dipole is sketched by a
vertical red arrow in the schematics of Figure 3). In Figure 3a
and b, which show the spatial distribution of IEl and Re(E,),
respectively, one observes a beating pattern (a set of alternating
minima and maxima in the field in each nanotube) typical for
coupled waveguides.>' ~** The beating originates from (i) the
hybridization of the plasmonic modes in the coupled CNT
waveguides®™*> and (i) consecutive energy transfer between
these modes. Such a waveguide system does not allow guiding
SPPs along nanotube B, since it always returns back to
nanotube A. However, if nanotube A is cut at the point of its
field minimum, SPPs can be totally transferred from nanotube
A to nanotube B, as demonstrated in Figure 3c and d. This
observation confirms that coupled CNTs indeed can be used as
coupled plasmonic waveguides, spatial shifters, and splitters in
the IR.

The above results are encouraging for the development of
other CNT-based plasmonic components. For instance, one
can design a resonator composed of a CNT and a graphene disc
supporting an edge plasmonic mode. This configuration is
similar to a waveguide-ring resonator, widely used in different
plasmonic structures.*®*” The schematic of the device is shown
in Figure 4a (left). A vertical dipole launches plasmons on a
CNT, and they propagate toward a graphene disc, where they
further couple to the edge plasmons of the disc. The absorption
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Figure 3. Spatial distribution of |El and Re(E,) for two parallel coupled
CNTs. The diameter of CNTs is d = 20 nm; the separation between
them is 10 nm. The CNTP is launched along CNT A by a point
source placed A = 1 gm away from the beginning of CNT B. The free-
space wavelength is 10 ym. (a, b) Infinitely long coupler. (¢, d) Cut
coupler, with the length of the coupling part 200 nm. The dashed
arrows in (a) and (b) indicate the position of the field minimum in
CNT A, while in (c) and (d) they show the termination of CNT A.
The upper schematics show the exact positions of the CNTs (top
view). The right schematics illustrate the geometry of the structures
and propagation of the CNTPs (red arrows represent the power flux).
The parameters of the CNT conductivity for all panels are the same as
in Figure 1.

of the graphene disc Ay, (dominated by the edge GPs) is
plotted in Figure 4b as a function of the wavelength (blue
curve). Ay is normalized to the absorption by an infinite
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Figure 4. Coupling of CNTPs via a graphene disc plasmonic resonator. The CNTP is excited by a dipole placed 1 ym away from the point of the
closest CNT—disc separation (which is 5 nm). The disc diameter is 300 nm. (a) Schematics of the structures. (b) Normalized absorption in the
graphene disc Ay, /A,, as a function of the free-space wavelength A. Red curve: Plasmons are excited by a dipole. Blue curve: Plasmons are excited by
the CNT. Insets to (b): Spatial distribution of IEl for the cases of the excitation by CNTPs or a point source for A = 8.08 um (the first peak). (c)
Instant snapshots of Re(E,) at the surface of the graphene disc. The numeric labels correspond to the peaks in the red and blue curves of panel (b).
(d) Normalized absorption in the graphene disc Agise/ Age (blue curve) and in the CNT B Acnt/Age (green curve) as a function of 1. Insets to (d):
Spatial distribution of |El for A = 11.76 ym. The parameters of the conductivity for both panels are the same as in Figure 1.

graphene sheet, A,, when the vertical point source is placed S
nm away from it. The separation between the disc and the
CNT (10 nm) has been chosen to provide an optimal coupling
in the vicinity of the wavelength, A = 10 ym (see details in the
Supporting Information). One can observe a set of maxima
corresponding to the different resonance orders m, according to
P x ml,, ie, m times the edge plasmon wavelength 4, along
the perimeter P = zD (with D being the diameter of the disc).
Note that the resonance condition predicts equidistant
resonance positions when expressed as a function of A,.
However, the distances between the different maxima in Figure
4b are not the same. This is due to both the nonlinear
dispersion of the edge graphene plasmon, A,(4), and the
radiation losses being especially relevant for lower-order modes.
Snapshots of Re(E,) at the resonance maxima of Ay, are
shown in Figure 4c. For each maximum, the snapshots show
different numbers of alternating red and blue fringes. The
distance between two fringes of the same color corresponds to
Ape and their number m counts from 2 to 5. This is fully
consistent with the above resonant condition for the disc
diameter of D = 300 nm. Indeed, according to Figure la (red
curve), the momentum of the edge plasmon, gpes Tanges from
46.5 to 29.7, thus yielding values of P/4,. from 2.3 to 5.5.
For comparison, the red curve in Figure 4b shows the
absorption in an isolated disc, where edge plasmons are excited
by a vertical dipole located S nm away from the disc edge. The
resonances appear at the same positions, revealing that the
same edge modes are excited. However, in this case the peaks
are stronger and sharper. We explain the weakening and
broadening of the resonances in the case of coupling with the
CNT by two effects. First, the CNTPs lose energy while
propagating from the exciting dipole to the disc, resulting in
reduced peak heights. Second, the edge plasmons in the disc
couple back to the CNT. The resonating edge plasmons thus
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experience additional losses, resulting in a broadening of the
resonance, i.e., reduction of the quality factor.

Another interesting observation is the difference between the
spatial distribution of |El in the disc excited by the dipole and
that of the disc excited by the CNTP (see insets to Figure 4b).
While the CNTP can couple only to the clockwise propagating
edge plasmon of the disc, the dipole launches both clockwise
and counterclockwise plasmons. The last circumstance explains
the presence of the interference fringes in the map of |El for the
case of the dipole excitation.

The comparison of the two configurations shows that the
direct dipole excitation of a disc resonator is more efficient than
its coupling to CNTPs. Nevertheless, the plasmonic resonances
in the CNT—disc configuration are still visible and can be
improved for graphene structures of higher quality, so that in
the future this geometry might become useful for graphene-
plasmonic filtering in network applications.

To complete the consideration of potential hybrid CNT—
graphene disc devices, we consider a configuration having both
input and output bus waveguides (which could be helpful in
cases where routing of various frequencies to different output
ports is needed). A structure consisting of two CNTs and a
graphene disc between them is sketched in Figure 4a (right).
The plasmon launched in nanotube A (input waveguide) by a
vertical dipole, located in the same way as in Figure 4b, travels
toward the graphene disc resonator and excites the edge GPs.
The excited cavity modes then couple to the plasmon in
nanotube B (output bus waveguide) so that it propagates in the
opposite direction compared to the plasmon in nanotube A.
The absorption both inside the disc (blue curve) and in the
nanotube B (green curve) is shown in Figure 4d as a function
of A. Now the plasmonic power losses are redistributed between
the disc and nanotube B so that their sum (green and blue
curves in Figure 4d) is approximately the same as the losses in
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Figure 5. Plasmonic resonances in finite-length CNTs above a graphene surface. (a) Schematic and spatial distribution of Re(E,) for the CNT
without graphene corresponding to points A and B of the black curve in panel (c). (b) Schematic and spatial distribution of Re(E,) for the CNT over
graphene (h = S nm) at resonant peaks C and D of the black curve in panel (c). In both (a) and (b) the plane, where the fields are shown,
corresponds to a constant coordinate z at which the CNT is cut in the middle. The fields are normalized to |El of the incident wave. The free-space
wavelength is 10 #m. (c) Absorption cross-section of CNT, 6y, as a function of the CNT length, L, for different separation distances . Black curve
corresponds to CNT in free space. Inset to (c): Absorption cross-section of GPs, 6,, (CNT-induced absorption in graphene), as a function of L. The

parameters of the conductivity are the same as in Figure 1.

the disc without nanotube B (blue curve in Figure 4b). As a
result, the considered device can transfer the CNTP from the
incoming port into the output port for a set of resonant
wavelengths with the efficiency basically determined by the
intrinsic absorption of both the graphene disc and the CNTs.

Having considered the manipulation of the plasmons in
CNTs with lengths much larger than the plasmon wavelength,
we proceed with the demonstration of the plasmonic
functionality of short CNTs. Taking into account a high figure
of merit of CNTPs, a finite-length CNT can act as a
subwavelength IR antenna.****™* To show the response of
such an antenna, a finite-length CNT is illuminated by a
normally incident plane wave with the electric field parallel to
the axis of the CNT (see schematics in Figure Sa). Figure Sc
(black curve) represents the normalized absorption cross-
section ocny = Acnt/(IpScnt) of the CNT antenna as a
function of CNT length L. Here Acyr is the power absorbed in
the CNT (which we assume to be dominated by CNTPs), I, is
the illuminating power per unit area, and Scyr = dL is the
geometrical CNT cross-section. A set of antenna resonances
corresponding to an integer number of plasmon half-wave-
lengths along the CNT antenna is observed. The field
distribution at the peak values of oy (instant snapshots of
Re(E,) in Figure Sa) reveals both the fundamental dipolar
resonance (see image A, with the near fields of opposite
polarity at the CNT extremities) and higher-order resonances,
e.g., shown in image B.

As we have demonstrated in Figure 2a, CN'TPs are sensitive
to the refractive index of the substrate. We now study how the
presence of a graphene sheet affects the antenna resonances in
CNTs (schematics in Figure Sb). As shown in Figure Sc (red,
blue, and green curves), the presence of the graphene layer
below the CNT blue-shifts and broadens (damps) the
resonances. The closer the CNT is to the graphene sheet, the
larger the blue-shift and damping experienced. Notice that a
similar resonance shift has been studied for the case of metallic
antennas loaded by graphene.”*™* The shift is mainly
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associated with the coupling of the antenna to the GPs. In our
case the excitation of GPs is clearly seen from the oscillating
structure of the near-fields shown in Figure Sb, where the
distance between the fringes of the same color yields the GP
wavelength. In an earlier work,* CNTs have already been
shown to launch propagating plasmons on metallic surfaces in
the visible spectral regime. In metals, however, the plasmons
have much lower momenta than in graphene, and therefore the
launching of GPs is much more difficult. Actually, an efficient
excitation of propagating plasmons in graphene is still an open
question.””** Due to the huge momentum mismatch between
the waves in free space and GPs, coupling is only possible when
high-intensity near-fields are created by couplers having
momenta in their Fourier spectrum that are increased by
orders of magnitude relative to the incident wavevector.">*’
Since a CNT antenna fulfills these two criteria, it can be utilized
to launch GPs. In order to characterize the losses (dominated
by the propagating plasmons) in the graphene sheet induced by
a CNT, we calculate the normalized absorption cross-section
for GPs according to 6, = (Ag — Agyo)/(IoScnr), Where Ay, and
Ago is the absorption in the graphene sheet with and without
the CNT above it, respectively. In the inset to Figure Sc we
show o,, as a function of 4 for different heights of the CNT
above the graphene sheet, h. For all values of h the positions of
the maxima for o, coincide with those for ooy The cross-
section 6, shows a nonmonotonic behavior with 1 (for h < 100
nm), so that at different wavelengths there is a height providing
the best coupling between CNTPs and GPs. Further increase of
h leads to a progressive decrease of o, owing to the finite
confinement length L_ of both CNTP and GP. For instance, the
wavelength of GP at 4 = 10 um is 4, = 338 nm, yielding L, =
A,/2m 54 nm. Thus, for a separation of 100 nm, the
absorption by the CNT is virtually nonsensitive to the presence
of graphene (compare green and black curves in Figure Sc),
and o, is low so that GPs are virtually not excited (the green
curve in the inset to Figure Sc). Interestingly, the phase of the
field of the launched GPs is flipped with respect to that of the

~
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CNT antenna. Since the initial phase of GPs is opposite that of
the CNT antenna, the field pattern essentially depends upon
the resonance order and thus can be controlled by the length of
the CNT and the wavelength of the incident radiation.

One should note that the launching efficiency of the
propagating GPs by CNTs is 1 order of magnitude lower
than that by resonant metallic antennas® (found by the
comparison of 6, in the inset of Figure Sc with the results of ref
29). It can be explained by the huge geometric difference of a
CNT and a metal antenna (the cross-sections are 0.002 versus
2 pum? in the resonance, respectively) compared to the plasmon
wavelength A,. This last difference reduces the GP launching
efficiency by CNTs, but can be beneficial for the compactness
of plasmonic devices. On the other hand, the efficiency can be
significantly improved by creating periodic arrays of CNTs due
to constructive interference between the launched GPs.

To conclude, cylindrical 2D materials have the ability to
guide low-loss plasmons with ultrashort wavelength. For this
reason, they can be used as promising building blocks for many
plasmonic applications, especially for miniaturized photonic
circuits. Compared to 2D sheets and ribbons, they offer a
higher field confinement and longer propagation length and do
not have edges, avoiding thus additional loss mechanisms. We
have illustrated the functionalities of several plasmonic devices
based on carbon nanotubes and hybrid nanotube—graphene
structures: coupled waveguides, split-ring resonator, and
nanotube antenna launcher. Our results promise plasmons in
cylindrical 2D materials as a versatile concept for deeply
subwavelength optical circuitry.

Although all the results have been achieved on the example
of CNTs, they can be directly applied to other types of single-
walled plasmonic/polaritonic nanotubes, in which due to thin
walls their optical properties can be described by a 2D
conductivity (for instance single-walled BN nanotubes® or
semiconductor nanotubes with the walls of a nanometric

thickness™°).

B METHODS

In the electromagnetic calculations, we treat all graphene and
nanotube structures as infinitesimally thin objects with the
following conductivity: ¢ = ie’|Egl/nh*(w + iz™"), where Eg is
the Fermi level, w is the frequency, and 7 is the scattering time
of charge carriers. This model takes into account only intraband
electronic transitions and ignores the temperature, which is
justified for our range of parameters. The calculations have
been performed with the help of the finite elements methods
using Comsol software, where the monolayer structures are
defined as surface currents within the boundary conditions, j; =
oE|, where the symbol “||” means the component perpendic-
ular to the normal vector of the surface. All the structures are
discretized with a fine mesh, having the element sizes not
exceeding 1/20 of the minimal local spatial oscillation period of
the electromagnetic fields. This minimal period corresponds to
plasmon wavelength on the CNT and graphene disc and free-
space wavelength in the air and substrate.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information includes additional simulations for
two structures: the pair of coupled nanotubes and the nanotube
coupled to the graphene disc. It also contains the discussion on
a possible fabrication procedure of our plasmonic circuits. This
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material is available free of charge via the Internet at http://
pubs.acs.org.
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