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ABSTRACT: Here we discuss theoretically some of the notable features of
modal characteristics in the graphene-coated deeply subwavelength fiber
waveguide, providing a performance comparison between this guided-wave
structure and some other typical THz waveguides. We highlight a cutoff-free
propagation of a fundamental graphene-plasmon mode with an effective mode
area, which can in principle be smaller than (1/100)%. We also discuss the
phonon-plasmon hybridization that is expected for waveguides with polar
dielectric core (e.g, SiO, and SiC). We believe that this guiding structure,

being at the intersection of optics and electronics, may pave the way for a

variety of nanoscience applications.
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At the interface of conventional electronics on the one hand
and photonics on the other, terahertz science is emerging
as one of the major areas of research.”” Various picosecond-
scale processes and a diverse range of applications within this
frequency band (0.1—10 THz) make the terahertz domain an
attractive and rapidly growing field. Spectroscopy, imaging,
sensing, ultrafast computing, information and telecommunica-
tions, biomedical research, and astrophysics are the few out of
many areas to name, where terahertz technology is playing a
central role.”” Nonetheless, the lack of efficient sources and
detectors of terahertz radiation (the problem of so-called
“terahertz gap”) poses 51gn1ﬁcant limitations for further
developments in this field." These limitations, arising due to
the nature of light/material interaction at terahertz frequencies,
are imprinted also onto the design of terahertz systems for light
control, manipulation, and, most importantly, radiation
guidance. Of a major challenge is the design of efficient
nanometer-scale-mode-area terahertz waveguides that may
guide light confined well below the diffraction limit.>~” Such
systems, if available, would quickly find their use in diverse
fields of science and technology, varying from a high resolution
nanometer THz imaging and spectroscopy to an on-chip
br1dg1ng of photonics and electronics for ultrafast comput-
ing." > A nanometer-scale-mode-area terahertz guiding in
graphene-coated fiber waveguides is an excellent candi-
date.""”"* Here, we discuss some of the unique properties of
two-dimensional materials, such as graphene, and we highlight
some of the salient features of highly confined cutoft free
terahertz guided modes in graphene-coated fibers. We also offer
a comparison of performance (i.e., waveguide quality factor and
modal confinement) between this guided-wave structure and
some other available THz guiding systems, and theoretically
demonstrate that the characteristics of such waveguides may be
higher or comparable with those systems. The schematic of our
comparison is shown in Figure 1 (see Methods for some
specific points about this comparison.) We also discuss some
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aspects of phonon-plasmon hybridization that is expected in
waveguides with polar dielectric cores (e.g, SiO, and SiC).
Interaction of light with metals and dielectrics that serve as
building blocks for microwave and optical systems, at terahertz
frequencies is accompanied by an enhanced absorption. This
together with a relatively large free-space wavelength of THz
radiation (~300 ym) constrains miniaturization and on-chip
integration of THz systems®. The interplay of these two factors,
namely attenuation and confinement, leads to a trade-off in the
design of terahertz waveguides and systems that rely on such
waveguides.'” In Figure 1 we symbolically show and
qualitatively compare the performance (waveguide quality
factor and confinement) of several of commonly used
waveguides and trace conceptually the trend of their properties
with frequency, from microwaves to optics. Metal-based
waveguides dominate the radio and microwave frequency
bands; these constitute the core of microwave and radio
frequency (RF) metamaterial engineering.'*'> Low losses
(since metals essentially behave approximately as perfect
electric conductors (PEC)) together with the ability for
subwavelength radiation confinement between two conductors
(e.g, in a coaxial waveguide, in a microstrip transmission line,
or in a twin wire) allow designing metal-based waveguides with
desired transmission and confinement characteristics.'"'> At
near-infrared and optical wavelengths, low-loss dielectric
waveguides, such as fibers, are widely used for signal
transmission.''*'” These systems, however, cannot squeeze
radiation well beyond the light diffraction limit, which is
typically of the order of the wavelength. However, light may be
coupled with electron density waves in metals with an
excitation of highly localized surface plasmon-polaritons at
optical frequencies. ® This offers a reliable, thought quite lossy,
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Figure 1. Performance map for conventional waveguides and the graphene-coated fiber waveguide (“meta-tube”). Plots of confinement (inverse of
the normalized effective mode area) and waveguide quality factor (Re(beta)/Im(beta), proportional to inverse of attenuation) vs frequency are
shown. Here, for all the frequency range we assume that the fiber and the hollow metallic waveguide have cross-section (radius) of the order of r = A
(corresponding confinement curves are not present here, see Methods for details). For a wire, coaxial cable, and a graphene-coated fiber, we assume
the radius r = 4/50. Metal is modeled based on the Drude model for copper. For graphene we use conductivity model and parameters according to
recent experiment.25 We assume Fermi energy, E¢ = 0.2 eV, Fermi velocity, v = 10°m/s, and electron relaxation time, 7 = 1.6 X 10™'%s. The “error
bars” denote the performance boundaries for a graphene-coated fiber for two different limiting values of electron relaxation time (i.e., different
electron mobilities): 7 ~ 107" s and 107" s. For more details regarding material parameters, see Methods.

mechanism for subwavelength light guidance and steering at
visible and near-infrared frequencies.19 Again, with proper
combination of metals and dielectrics and suitable structural
design, optical waveguides with desired transmission character-
istics, that is, desired balance between attenuation and
confinement may be crafted.”’

The situation is quite different for the terahertz frequency
band in which metals neither behave as perfect electric
conductors, nor support highly localized plasmons (the
example of a subwavelength metallic wire (~A/50 radius)
shows that surface waves become weakly confined at terahertz
and microwave frequencies, see Figure 1). Subwavelength
guiding by two conductors (e.g., in a coaxial waveguide) implies
rather strong wave attenuation; the attenuation is even higher
for stronger wave confinement (thus for a ~ 1/50-radius coaxial
waveguide the propagation distance hardy reaches 100 guided
wavelengths at 1 THz, even in the case of almost lossless
dielectric cladding, as well as confinement drops significantly).
It is worth mentioning here recent breakthroughs with THz
metamaterial structures in which rather efficient subwavelength
guiding of terahertz radiation confined to dimensions of around
~ 2/10 (ie, 30 um at 1 THz) is possible.”®” However, the
design of a truly nanometer size terahertz waveguides (~10—
100 nm) indeed remains a challenge.

Two-dimensional materials such as graphene and boron
nitride that exhibit unique electronic and photonic properties
may be the key toward creating efficient THz systems and
waveguides.”' ~** Importantly, in these systems highly localized
electromagnetic excitations such as plasmon-polaritons”*~>°
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and phonon-polaritons®”** may be excited. Several planar

geometries have been proposed earlier in the context of deeply
subwavelength terahertz waveguides.””*" Here we discuss some
of the important guiding features of a conceptually different
guiding system, that is, a graphene-plasmon based waveguide
that may be merged with current fiber and coaxial waveguiding
technologies. We note that waveguides with a similar cylindrical
topology have been reported in some recent works;' %"*
however, comprehensive analysis of light confinement and
attenuation with frequency of operation and waveguide radius,
study of the core induced phonon-plasmon hybridization, and
comparison with other typical THz waveguides is missing in the
earlier work. Here, we discuss these additional features, in
addition to underlining the fundamental difference between
cutoff free modes found in such graphene-coated fiber and the
edge states in graphene nanoribbon wavegudies.””*°

In a regular dielectric fiber light guiding is achieved in the
high index core.'® Depending on the radius of the system and
the operating frequency, different modes may be excited.®
Figure 2A shows the dispersion of several of lower order fiber
modes for a 5§ pm radius fiber waveguide with dispersionless
core relative permittivity of 2.5 (similar to that of SiO, in a
rather large frequency span” or that of a low loss polymers,
such as polystyrene and polyethylene,” ™ frequently used in
microwave waveguide technology). Below 700 cm™ (21 THz),
the fiber operates in a single-mode regime; only fundamental
hybrid electric mode (HE,,;) is supported. This mode does not
have cutoff and, in principle, may be excited for arbitrarily small
waveguide radius or operating frequency.'” However, below a
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Figure 2. Modal properties of a graphene-coated fiber. (A) Dispersion of fiber modes in a § ym fiber. (B) Dispersion of graphene plasmon modes
only for 100 nm and S pm fibers, respectively. Solid black lines in (A) and (B) correspond to light lines. Inset shows the dispersion of a 100 nm SiC
graphene-coated fiber. The properties of SiC are taken from ref 26. Shaded region denotes the range of frequencies where SiC has a negative
permittivity. (C) Confinement of HE,, and graphene-plasmon modes for several fiber waveguides with different radii. (D) Inverse of attenuation of
fundamental graphene plamson modes with fiber radius for several characteristic frequencies. (E—G) Typical snapshots mode profiles of the guided
fiber and graphene-plasmon modes. Blue color corresponds to the field minimum and red to the field maximum, respectively.

certain critical frequency its transverse confinement drops
significantly and the HE;; mode extends into the surrounding
medium'” (for the waveguide considered here this frequency is
around 300 cm™' (9 THz)), see Figure 2C,E. Hence, confined
light guiding with the use of regular fiber modes is challenged
for frequencies below 10 THz. Coating the fiber with graphene
(such a technology was previously utilized for the design of
electro-optical modulators®*%%), it is possible to excite modes
of a new kind, graphene plasmon-polariton modes.”* > These
modes may have guide indices up to 2 orders of magnitude
higher than the refractive index of the core, see Figures 2A.
Figure 2B shows the dispersion of the several of lower order
graphene plasmon-polariton modes (denoted as G-SPP) for §
um and 100 nm radius fiber waveguides, respectively. For
electrically large waveguide radius (i.e., for R > A, where 4 is the
free-space wavelength and R is the waveguide radius) the
dispersion of the graphene-plasmon fiber modes resembles that
of plasmon-polaritons in a single layer of graphene.””** This
degeneracy is removed at lower frequencies (i.e., for 4 > R),
see Figure 2A,B. Interestingly, the fundamental azimuthally
symmetric mode (G-SPP0) does not have cutoff frequency and
may, in principle, be confined and guided in waveguides with
arbitrarily small radius, in contrast to a regular HE,, mode. It is
this dynamics that makes this mode a promising candidate for a
nanometer-scale-diameter terahertz light guiding and focusing.
Plasmon propagation in carbon nanotubes may be viewed as a
limiting scenario of this case.””*” We note that cutoff-free
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propagation has been also reported in graphene nanoribbons
for the case of edge plasmon modes.””° However, the G-SPP0O
mode of the fiber waveguide shown in Figure 2 and the
plasmonic edge state predicted for the graphene nanoribbon are
not topologically equivalent, implying fundamentally different
field profiles, dispersions, as well as excitation regimes (ref 30
underlines this fundamental difference for a planar graphene
film). Moreover, the nanoribbon plasmons, featuring the
dispersion of unbounded graphene plasmons (ie., ribbon
modes that are not bound to graphene edges), exhibit a distinct
half-wavelength cutoff.”® Edge plasmon states despite revealing
an exciting physics due to their inherently reduced, “point-like”
dimensionality (as compared with “regular” two-dimensional
plasmons) are hardly compatible with integrated optics
platforms, limiting their potential use. In contrast, the system
discussed here offers a natural bridge between conventional
photonics and deeply subwavelength graphene plasmonics.

It is also noteworthy to compare the G-SPP modes with
=% In principle, one might
think of a graphene fiber as a limiting scenario of a hollow core
metallic nanowire with infinitesimally thin walls.**** However,
these two systems exhibit conceptually different light guiding
mechanisms. Plasmon modes in metal-dielectric systems
originate due to hybridization between the free propagating
radiation and bulk plasma waves, which leads to a distinct
surface plasmon-polariton resonance.'® The fundamental
plasmonic mode in such systems is strongly localized near

plasmons in metallic nanowires.
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this resonance, however the localization steeply decreases as the
plasmon dispersion reaches the light-line with as the frequency
decreases,'™*' ™" see also Figure 1. In graphene and other two-
dimensional electron gases the plasmon dispersion has a
fundamentally different nature.””** Within the frame of Drude
model the dispersion of 2D plasma waves of an unbounded
graphene film is, in principle, free of resonances and follows a
square root dispersion law.””** This behavior is of a significant
interest as the modes can be strongly confined to a graphene
interface within a large bandwidth. The fundamental G-SPP
mode of the graphene fiber waveguide inherits this behavior
(see Figure 2b), making graphene-coated fiber a promising
candidate for the deep subwavelength radiation guiding.

To study confinement of graphene-plasmon and regular
HE, fiber modes, we plot the normalized mode cross-sectional
area,** which is defined as i%: = ([/Ida]z//lzda) (/121/ D (here
A is the effective mode area, Ay = A%/4 is an equivalent of a
mode area of a diffraction limited spot, and I is the intensity
distribution in the waveguide) in Figure 2C. Both G-SPP, and
G-SPP, modes are highly localized in comparison with the
HE,, fiber mode. Typical snapshots of field profiles of the
modes of interest are shown in Figure 2E—G. The confinement
of graphene-plasmon fiber modes increases even further as the
radius decreases. Thus, for a 500 nm radius waveguide the
graphene-plasmon modes occupy an area less than 0.0001 A%
that is, for a free space wavelength of 4 ~ 300 um, the effective
radius of the G-SPP, mode is <1 ym. Beyond a certain critical
frequency higher order graphene modes lose their confinement
and localization, which corresponds to an effective cutoff for
these modes (see Figure 2C, as well as Figure 2A,B). Similar
dynamics is observed for HE;, fiber modes, as mentioned
earlier. Note also that above the cutoff higher order G-SPP
modes being of multipolar origin are more confined to the
graphene interface as compared to the fundamental monopolar
G-SPPO mode.

In Figure 2D, the normalized waveguide quality factor (i.e.,

ﬁ:—iﬂﬁ; = i, where L is the propagation distance, 4
8

guided wavelength, f is the guide index) is shown for the G-
SPP, graphene plasmon modes. Interestingly, the mode
attenuation does not depend as much on the fiber radius, as
it depends on the frequency of operation. As expected, the
attenuation is lower for higher operating frequencies (which
correlates well with plasmons in a single interface gra-
phene””*®). For example, for the graphene parameters we
use, it reaches 10—15 plasmon wavelengths at around 1THz
and ~100 plasmon wavelengths at around 10—1S THz. High
confinement and relatively low attenuation of the G-SPPO
mode make such a graphene-coated fiber an interesting
candidate for efficient nanometer scale light guiding. We
compare the performance of the graphene-coated fiber with
some other commonly used waveguides in Figure 1, clearly in a
range of frequencies 1—10 THz, the graphene-coated fiber may
compete with the performance of coaxial and similar microwave
inspired waveguides, even for moderate values of electron
relaxation times™ (7 = 1.6 X 1072 s).

Finally, we note that the dispersion of plasmons in graphene
is strongly affected by the substrate on which graphene is
deposited.”>® For instance, silicon carbide, typically used as a
substrate for graphene, exhibits a polaritonic resonance around
800 cm™, implying graphene-plasmon SiC-polariton hybrid-
ization®® (similar effects have been reported also for boron

g 1 the
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nitride*® and Si0,>° and the analysis below is applicable to
these cases, too). To illustrate that this graphene-coated fiber
concept is working in this case as well we plot the dispersion of
the fundamental G-SPP mode for a graphene-coated SiC fiber
in the inset to Figure 2B. In this case, hybridization of
graphene-plasmon fiber mode with the SiC polariton is
observed in our calculation, as expected”® (a similar effect is
anticipated for the SiO,, another typical graphene substrate,”
at around 30 THz as well). Interestingly, the guide indices in
this case are an order of a magnitude higher than that for a
graphene coated fiber with a regular dielectric core (as studied
above); this implies even stronger mode confinement at the
graphene interface. Away from a rather narrow polaritonic
resonance in SiC,”° the dissipation in SiC core plays a minor
role. We also note that purely polaritonic systems are also of
interest,”*” and the ideas discussed here may be extended to
other classes of two-dimensional materials,”>** such as boron-
nitride.*”

The graphene-coated fiber waveguide discussed here offers
an exciting platform for a nanometer-size terahertz technology.
Not only may this system be utilized for deep subwavelength
waveguiding that is important for imaging and nanoscale
spectroscopy, but also it may open new opportunities for
merging electronics and photonics on a simple naturally
integrated platform: High-speed interconnects; THz modu-
lators; THz nanolasers and detectors; optoelectronic mixers are
just a few out of a large number of possible applications that
one may envision.

B METHODS

The analysis of the mode propagation in graphene coated fiber
waveguide and other cylindrical structures shown in Figure 1 is
based on the study of a corresponding dispersion equations.
The dispersion equation for the case of a graphene coated fiber
is derived in a close analogy with that of a regular optical
fiber'®*® by imposing appropriate boundary conditions at the
graphene interface (71, X (H, — H)) = GEH, where o is the

graphene conductivity, 7, is the unit vector normal to the fiber

interface, H, , is the magnetic field vector inside and outside the
fiber respectively, and E is the tangential (ie., continuous)

component of the electric field at the graphene interface).
The dielectric core in the coaxial waveguide in Figure 1 is
chosen to have a refractive index of 1.58 + 0.0003i
corresponding to the permittivity of ultralow loss poly-
mers.”> > This value of the refractive index is also correlated
with that of the graphene coated fiber core (Figure 2),
simplifying the comparison. The waveguide quality factor for
regular fiber waveguides shown in the Figure 1 represents an
upper bound of the performance deduced based on low-loss
dielectric materials available for three characteristic frequency
domains: microwave (~1 GHz), THZ (~1 THz), and infrared
(i.e., the curve related to the fiber waveguide quality factor in
Figure 1 is essentially an interpolation by three points). Thus,
for the microwave and terahertz domains, we use a refractive
index of 1.58 + 0.0003i corresponding to that of low-loss
polymers (e.g., polystyrene and polyethylene®™°), as men-
tioned earlier. To estimate the upper bound of the propagation
distances in fibers at infrared/visible we consider a ZBLAN
dielectric with an index of refraction of 1.5 + 1077i (see ref 47).
We note also that the confinement curves for the hollow core
metallic waveguide and a fiber waveguide is not plotted in
Figure 1 for the sake of keeping the clarity of Figure 1. The
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confinement for these two waveguides is symbolically shown to
be above the diffraction limit (i.e., less than unity in the vertical
axis in Figure 1). The actual confinement for these two systems
is bound by the geometry and the choice of the dielectric core.
It is possible to get a subdiffraction light propagation in a high
index dielectric waveguide; the light confinement in such
systems is well-known and follows closely the dynamics shown
in Figure 2C. Similarly, the size of the hollow core rectangular
waveguide may be reduced by the use of high index core.'*
Finally, at visible frequency in a hollow core waveguide, highly
confined surface plasmons may be excited;*' ~* in this case, the
waveguide may be designed to be deeply subwavelength.
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