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We theoretically investigate the transport property of graphene surface plasmon polaritons (GSPPs) on curved
graphene substrates. The dispersion relationship, propagation length, and field confinement are calculated by
an analytical method and compared with those on planar substrates. Based on our theory, the bend of graphene
nearly does not affect the property of GSPPs except for an extremely small shift to the lower frequency for the same
effective mode index. The field distributions and the eigenfrequencies of GSPPs on planar and cylindrical sub-
strates are calculated by the finite element method, which validates our theoretical analysis. Moreover, three types
of graphene-guided optical interconnections of GSPPs, namely, planar to curved graphene film, curved to planar
graphene film, and curved to curved graphene film, are proposed and examined in detail. The theoretical results
show that the GSPPs propagation on curved graphene substrates and interconnections will not induce any addi-
tional losses if the phase-matching condition is satisfied. Additionally, the extreme tiny size of curved graphene
for interconnection at a certain spectra range is predicted by our theory and validated by the simulation of 90°
turning of GSPPs. The bending effect on the property of GSPPs is systematically analyzed and identified. Our
studies would be helpful to instruct design of plasmonic devices involving curved GSPPs, such as nanophotonic
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circuits, flexible plasmonic, and biocompatible devices.
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1. INTRODUCTION

Surface plasmon polaritons (SPPs), the electromagnetic
excitations propagating at the interface between a metal
and a dielectric medium, have attracted considerable atten-
tion in a wide range of fields, owing to their extraordinary
properties such as strong field confinement and enhancement
[1]. A variety of novel and fascinating applications based on
SPPs also have been demonstrated [2—-6]. However, with fur-
ther progress in theoretical and experimental research, the
bottleneck of conventional SPPs on the surface of noble met-
als emerges. The high ohmic loss and weak tunability of noble
metals limit their applicability and performance [7].

In recent years, graphene, an atomically thin carbon layer
with superior electronic and optical properties [8], has be-
come an available plasmonic material with high potential
[9]. Compared with noble metals, graphene surface plasmon
polaritons (GSPPs) display some superior characteristics
such as ultracompact electromagnetic field confinement,
low loss, and strong tunability. Therefore, a great number
of applications harnessing GSPPs have been proposed. For
example, a widely tunable far-infrared notch filter and tera-
hertz linear polarizer using graphene/insulator stacks [10]
have been experimentally realized. Terahertz metamaterial
consisting of graphene micro-ribbon arrays [11] displays its
tunability over a broad frequency range and prominent optical
absorption at room temperature. Transformation optics
using graphene [12,13] conveniently tailors electromagnetic
fields into desired spatial patterns by varying the chemical
potential of graphene. Additionally, graphene surface
plasmon-based infrared modulator, highly sensitive biosensor,
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and electrically tunable antenna [14-16] also have been
presented.

Graphene also possesses remarkable mechanical flexibility
[17], which enables graphene to realize flexible plasmonic
devices. In these years, wearable or biocompatible devices uti-
lizing flexible materials have received intensive concern.
Continued advances in this field have been designed to realize
electronic or photonic components with excellent perfor-
mance on flexible, nonplanar, or even biocompatible sub-
strates [18]. Thus, graphene is undoubtedly a suitable
potential alternative, especially taking its unique property
of SPPs into consideration. Several optical applications utiliz-
ing the combination of flexibility and SPPs property of gra-
phene have been proposed, such as a graphene nanoribbon
splitter and waveguide [19], plasmonic switch, and frequency
demultiplexer [20]. However, how the bend will affect the
property of GSPPs when graphene is on flexible or nonplanar
substrate is still unclear, which hinders further development
of flexible plasmonic devices by using graphene. Thus, the
problem deserves to be investigated in depth.

In this paper, the property of GSPPs on curved substrates is
systematically investigated. GSPPs on a cylindrical substrate
(curved substrate with a fixed radius) as a concise and univer-
sal model are studied by an analytical method, which we de-
veloped. The dispersion relationship and propagation length
of our model system are calculated and compared with those
on planar substrate. Moreover, the field distributions and the
eigenfrequencies of GSPPs on planar and curved substrates
are calculated by means of the finite element method
(FEM). As an extension to our theory, the GSPPs properties
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of planar and curved graphene are also compared.
Additionally, several simple elements comprising graphene
nanophotonic interconnections based on GSPPs are proposed
and simulated by our theoretical and numerical tools. In par-
ticular, the extreme tiny size of curved graphene, which still
allows for efficient interconnection of GSPPs at a certain
spectra range, is predicted by our theory and verified by
our simulation. Generally, how the bend will affect the prop-
erty of GSPPs is systematically analyzed and identified.

This paper is arranged as follows. In Section 2, we present
our theoretical model and analytical theory. In Section 3,
transport properties of GSPPs on curved substrates—
including the dispersion relationship, propagation length, field
confinement, and modal field distributions—are calculated
and compared with those on planar substrates based on
our theory. In Section 4, various interconnections of GSPPs
consisting of several simple elements are proposed and simu-
lated by our theoretical and numerical tools. In Section 5,
transport of GSPPs through a sharp bend is investigated.
The extreme tiny size for efficient transport is predicted
by our theory and validated by the simulation. Finally, in
Section 6, we provide a summary and conclusion.

2. THEORETICAL MODEL AND
FORMALISMS

Because a flexible and nonplanar surface can be decomposed
into small curved surfaces with different curvature radii, the
transport property of GSPPs on a curved surface with a cer-
tain curvature radius becomes a basic problem that can probe
the transport property of GSPPs on an arbitrary curved sur-
face. Therefore, we consider graphene deposited on a cylin-
drical substrate with radius a and refractive index m, as
shown in Fig. 1. The cylindrical substrate is made of a homo-
geneous, isotropic, and nondispersive dielectric medium and
placed in air. Graphene is treated as an infinitesimally thin
layer characterized by a surface conductivity ¢ determined by
Kubo formula [21]. The effective relaxation time of graphene
is set as 0.1 ps, and the temperature is set as 300 K. The chemi-
cal potential of graphene is fixed to 0.8 eV. These parameters
come from the experiment results [10,22]. According to the
calculation of Kubo formula, the imaginary part of conduc-
tivity o is positive at the wavelength ranging from 1.5 to
20 pm. Therefore, in this range, the planar graphene layer can
only support TM surface plasmon modes. For this reason, we
confine our investigation to the TM modes.

In the case of TM modes, there are only three field compo-
nents H,, E,, and E, in the cylindrical polar coordinate
system. The field components H ., E,,., and E,, in the cylin-
drical substrate, namely, the interior space of the cylinder,
can be expanded in the cylindrical coordinate system as

air graphene

Fig. 1. Schematic of the theoretical model for GSPPs transporting on
graphene deposited on a cylindrical substrate.
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where G,, is the expansion coefficient of internal field, J,, is
the Bessel function of the first kind of integral order n, k is
the wave number in air, @ is the angular frequency, ¢, is the
vacuum permittivity, and ¢,, is the permittivity of the cylindri-
cal substrate. Meanwhile, the field components H., E,, and
E, in the space outside the cylindrical substrate also can be
expanded in the cylindrical coordinate system as
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where I, is the expansion coefficient of the external field and

H,, is the Hankel function of integral order n. Applying the
boundary condition at » = a, we obtain,
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where a is the radius of cylindrical substrate; we also can
obtain a matrix equation by substituting Eq. (1) and Eq. (2)
into Eq. (3) as follows:
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Then, the secular equation can be written as
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And the modal eigenequation can be acquired by simplifying
Eq. (5) as follows:
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where the wavenumber k is a complex number and equals to
w/c, and c is the velocity of light in vacuum. Thus, the GSPPs
dispersion relationship and propagation length on cylindrical
substrate can be calculated by solving the eigenequation. For
the propagation of GSPPs on cylindrical substrate with a cer-
tain curvature radius a, the integer n determines the real part
of the wavenumber of GSPPs in Eq. (6) due to the implicit
continuous boundary condition that leads to the recirculating
of GSPPs along the perimeter of cylindrical substrate. Thus,
the wavenumbers of GSPPs and the dispersion relationship
points corresponding to different eigenmodes and calculated
by Eq. (6) should be discrete. The real part of the GSPPs
wavenumber is Re(kgspp) = 1/a. When parameters a and n
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are determined, we can obtain the complex wavenumber & by
solving Eq. (6). The imaginary part of the GSPPs wavenumber
can be calculated as Im(kgspp) = Im(ky)Re(kgspp)/Re(ky),
and the frequency f equals to Re(ky)c/2n. Compared with
the GSPPs on cylindrical substrate, the dispersion relation-
ship of GSPPs on planar substrate can be calculated by the
equation [23],
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where k = 2zf /c is the propagating wavenumber in air, and
f is the frequency of the propagating wave.

3. TRANSPORT OF GSPPS ON CURVED
SUBSTRATES

First, we can calculate the field distributions of GSPPs on
cylindrical substrate by our above noted analytical method.
As GSPPs in our model are TM waves, the magnetic field dis-
tribution can reflect the information of magnitude and phase.
The distribution of the eigen-magnetic field H, can be calcu-
lated by applying Egs. (1) and (2). The relationship of the
expansion coefficients of internal and external fields can be
obtained by Eq. (4). Assuming the refractive index of the cylin-
drical substrate is 1.45 and the radius is 50 nm, the magnetic
field distributions of the first six orders are depicted in Fig. 2.
It clearly shows that the parameter n determines the wave-
numbers along the perimeter of cylindrical substrate, which
is consistent with our theoretical analysis above. The mode
area decreases with the increase of n.

Because the field distributions of GSPPs on cylindrical
substrate are calculated as previously noted, it then can be
straightforward to find the dispersion relationship, propaga-
tion length, and field confinement of GSPPs on cylindrical
substrates and make a comparison with those on planar
substrates. By solving Eq. (6), we calculate the dispersion
relationship of the first 20 order modes on cylindrical sub-
strates whose refractive index is 1.45 and whose radius
equals to 5, 50, and 500 nm, respectively. In comparison, the
dispersion relationship of GSPPs on a planar substrate is also
calculated by applying Eq. (7). The results are shown in Fig. 3.
Figure 3(a) illustrates the relationship between the effective
mode index and the frequency. As the real part of the
GSPPs wavenumber is Re(kgspp) = n/a, the effective mode

Fig. 2. GSPP magnetic field (H,) distributions of first six order
modes on cylindrical substrate. Radius of the cylindrical substrate
is 50 nm.
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index can be expressed as n.; = Re(kgspp)/Re(ky), which
equals to n/[Re(ky)a). It can be seen from the figure that
the discrete dispersion points, which correspond to the
dispersion relationship for the different modes on cylindrical
substrate, almost coincide with the black curve, which is the
dispersion relationship on planar substrate. The dispersion
points of GSPPs on curved substrate only have an extremely
small shift to the lower frequency for the same effective mode
index compared with those on planar substrate. This result
suggests that the bend of graphene nearly does not affect
the dispersion relationship of GSPPs, even if the radius of
substrate decreases to the nanometer scale.

Additionally, Fig. 3(b) demonstrates the relationship
between relative propagation length and the frequency. The
relative propagation length is defined as Lgspp/Agspp, Where
LGSPP = I/Im(l{]GSPp) and /IGSPP = Zﬂ/Re(stpp). Similar to
Fig. 3(a), the discrete points representing the propagation
length of GSPPs at a certain frequency on cylindrical substrate
also almost coincide with the black curve representing the
propagation length on planar substrate. The result suggests
that the bend of graphene will not increase the propagation
loss of GSPPs, and GSPPs on curved substrate can propagate
as far as on planar substrate. The propagation length is dozens
of Agspp When the chemical potential of graphene is as high as
0.8 eV. In total, it indicates that GSPPs can nearly smoothly
propagate on curved substrate as it does on planar substrate.
Such a result can be attributed to the strong field confinement
caused by graphene. Figures 3(c) and 3(d), respectively, dem-
onstrate the GSPP decay lengths in air and the substrate
whose refractive index is 1.45. The decay length, which
reflects the degree of field confinement, is defined as

1/Re(/k4gpp — Re(kg)?). As the refractive index of the sub-

strate is not significant and the field confinement is really
strong, the curves of decay lengths in air and the substrate
have little distinction. Moreover, Fig. 3 illustrates that the
GSPPs mode points of the substrates with different radii
coincide. For example, the second-order mode of the sub-
strate with the radius of 5 nm coincides with the twentieth-
order mode of the substrate with the radius of 50 nm. This
also proves that the bend of graphene nearly does not affect
the propagation of GSPPs.

In order to confirm our above conclusion, we calculate the
field distributions of GSPPs on substrates with different radii
by FEM. As is illustrated in Fig. 4, there are two cylindrical
substrates with different radii but the same refractive index
of 1.45. The radius of the larger cylindrical substrate is
50 nm, which is twice that of the smaller one. The eigenmodes
of the GSPPs on these two cylindrical substrates are calcu-
lated at the same eigenfrequency. Figure 4(a) shows that
the GSPPs on the smaller cylindrical substrate are at the sec-
ond-order mode when the GSPPs on the larger cylindrical sub-
strate are at the fourth-order mode. Figure 4(b) demonstrates
the same relationship for the third- and sixth-order modes of
graphene on these two substrates at a higher frequency. In
other words, the perimeter of the larger substrate equals to
four GSPPs wavelengths while the perimeter of the smaller
one equals to two GSPPs wavelengths. As the perimeter of
the larger cylindrical substrate is also twice that of the smaller
one, it can be concluded that the GSPPs wavelengths for
the substrates with different radii are the same. Therefore, the
simulation results confirm that the bending degree of
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Fig. 3. (a) Dispersion relationship, (b) propagation length, and (c) decay lengths in air and (d) substrate of GSPP on planar substrate and on
cylindrical substrates whose radii are 500, 50, and 5 nm, as illustrated. Discrete points of each color, which represent the correspondent values of
GSPP on the cylindrical substrates with different radii, are the first 20 order modes.

graphene nearly does not affect the dispersion and propaga-
tion of GSPPs, especially when the difference of the bending
degrees is not significant.

Factually, even though the bend of graphene nearly does
not affect the dispersion and propagation of GSPPs, there still
exists an extremely small variation. According to our above
theory, the frequency of GSPPs for the same effective mode
index on the curved substrate is a little lower than that on
planar substrate. For further confirmation of our theory, we
simulate the field distributions of GSPPs on planar substrate
and on cylindrical substrate with the radius of 5 nm. The
length of the plane substrate equals to the perimeter of cylin-
drical substrate. The refractive indices of the substrates are
1.45. We further calculate the eigenfrequencies of GSPPs
on these two substrates based on our simulation. In Fig. 5,
GSPPs can be excited on the cylindrical substrate but not
on the planar substrate at 194.3 THz. On the contrary, for
the same effective mode index, GSPPs can be excited on
the planar substrate but not on the cylindrical substrate at
194.4 THz. This result illustrates that a small distinction of

bl Ay

Fig. 4. GSPPs magnetic field (H,) distributions at the same eigenfre-
quency on the cylindrical substrates with different radii. (a) and (b),
respectively, correspond to 81.5 and 92.7 THz. Radius of the cylindri-
cal substrate on the right is 50 nm, which is twice that of the left one in
both (a) and (b).

dispersion does exist between the GSPPs on planar and
curved substrates. However, the difference of the frequencies
is only 0.1 THz, even if the difference of the bending degrees
is big. The simulation result that the frequency of GSPPs on
curved substrate is a little lower than that on planar substrate
for the same effective mode index is consistent with our ana-
Iytical theory.

Additionally, we explore the GSPPs properties of curved
and planar graphene in air. The length of the graphene is finite
so that the edge effect is taken into consideration. As an
extension of our theory, the substrate of this case can be con-
sidered as air. The lengths of the curved and planar graphene
are equal. The radius of curvature of the curved graphene is

(a) (b)

M

@0

Fig. 5. Comparison of the GSPP magnetic field (H ) distributions of
the same GSPP wavelength (4ggpp) on the planar and cylindrical sub-
strates. Lengths of graphene on the planar and cylindrical substrates
are equal. Radius of the cylindrical substrate is 5 nm. Frequency is
(a) 194.3 and (b) 194.4 THz.
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Fig. 6. GSPP magnetic field (H,) distributions on planar and curved
graphene films excited by the electric dipoles with different frequen-
cies. (a) and (b) are excited at 110 THz, while (¢) and (d) are excited at

120 THz. Lengths of planar and curved graphene films are equal.
Curvature radius of the curved graphene film is 50 nm.

50 nm. We simulate the field distributions the curved and
planar GSPPs excited by electric dipoles with different
frequencies. Figures 6(a) and 6(b) are the field patterns ex-
cited by the electric dipoles with the frequency of 110 THz,
while Figs. 6(c) and 6(d) correspond to 120 THz. All the elec-
tric dipoles are placed at the left edges of the graphene films.
The results in Fig. 6 demonstrate that the GSPPs wavelengths
of curved and planar graphene are equal at the same excited
frequency, which once again indicates the dispersion is not
affected by the bend of graphene. The simulation proves
the reliability and usability of our theory in practice.

The result indicates that the wavenumbers of GSPPs on
planar and curved graphene films, including real and imagi-
nary parts, are consistent for a certain frequency. It is the ba-
sis for which the phase matching condition is achievable
between the interconnections of decomposed curved surfaces
with different curvature radii on flexible and nonplanar sub-
strates. Therefore, if the flexible and nonplanar surfaces are
continuously curved surfaces, which satisfy phase matching
conditions everywhere on the graphene film, the properties
of GSPPs on flexible and nonplanar substrates will be consis-
tent with that on planar substrates. If the phase matching

1 (c)

Transmission

-1
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condition is not satisfied, it will induce reflection or intercon-
nection loss for the propagation of GSPPs. This conclusion
can be instructive for the application of GSPPs on flexible
and nonplanar substrates.

4. INTERCONNECTION OF GSPPs ON
CURVED SUBSTRATES

Because all the theoretical calculations and simulations above
come to the conclusion that the bend of graphene does not
affect the dispersion and propagation of GSPPs, the unique
property of GSPPs can be exploited for many applications
such as flexible plasmonic devices and nanophotonic circuits.
In the following, we will show that graphene can realize ex-
cellent interconnections based on surface plasmons. First, a
U-shaped curved graphene film and a planar graphene film
that support the propagation of GSPPs are compared and
demonstrated in Figs. 7(a) and 7(b). The GSPPs on the gra-
phene films are excited by electric dipoles, which are, respec-
tively, placed at the lower edge for the U shape and the left
edge for the planar one. The lengths of the U shaped and
planar graphene films are both equal to 357 nm. The curvature
radius of the curved part in U shape is 50 nm. It can be ob-
served that the fields are closely confined at the surface of
graphene so that GSPPs easily adapt to the transition from
curved to planar graphene or from planar to curved graphene.
It seems from the field distributions that the bend of graphene
and the interconnection between curved and planar films
nearly do not affect the propagation of GSPPs.

The transmission spectra of these two shaped films are also
calculated to verify what it seems like. In order to avoid the
edge effect of the films but involve the influence of intercon-
nection between curved and planar GSPPs films, we select
two positions that are, respectively, at a distance of 50 nm
away from the two edges of the graphene films and calculate
the magnitudes of electric fields at these two positions. The
transmission coefficient illustrated in Fig. 7(c) is defined as
the ratio of electric field intensities of the two selected posi-
tions. The transmission spectra ranging from 190 to 200 THz
are corresponding to telecommunication wavelengths. It can
be observed from Fig. 7(c) that the transmission spectra of
GSPPs on U-shaped and planar graphene films coincide well,
which proves that the bend of graphene nearly does not
affect the transport of GSPP. Moreover, the interconnection

T T T T T
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Fig. 7. Comparison of GSPP propagating on (a) U-shaped and (b) planar graphene films. GSPPs in (a) and (b) are excited by the electric dipoles
with the frequency of 199 THz. Length of U-shaped graphene film is equal to that of the planar. Curvature radius of the curved part in a U-shaped film
is 50 nm. (c) GSPP transmission spectra of these two shapes of graphene films.
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Fig. 8. Comparison of GSPP propagating on (a) S-shaped and (b) planar graphene films. GSPPs in (a) and (b) are excited by the electric dipoles
with the frequency of 199 THz. Length of S-shaped graphene film is equal to that of the planar. The curvature radii of the two curved graphene films
connected in an S shape are 35 and 70 nm. (¢) GSPP transmission spectra of GSPPs on these two shapes of graphene films.

between the planar and curved graphene will not induce
additional loss when the condition of phase matching at
the interconnection position is satisfied. Thus, if the GSPPs
interconnection is designed properly based on our theory,
the transport of GSPPs to make a U-turn can be easily realized.
Due to the low loss propagation of GSPPs and the weak re-
flection at the edge of the film, the graphene film also acts
as a cavity along the propagation direction of GSPPs. Thus,
the oscillation of transmission spectra in Fig. 7(c) is the result
of the cavity modulation. The difference of frequencies be-
tween adjacent peaks equals to the longitudinal mode spacing
of the cavity. Therefore, if the curved interconnection is poor,
so that it induces strong reflection and interconnection loss,
the longitudinal mode spacing and transmission value will
alter by comparison with the planar case.

Moreover, S- and G-shaped curved GSPPs interconnections
compared with the planar are studied and illustrated in Figs. 8
and 9, respectively. Similar to the study of the U shape, the
GSPPs are excited at the edge of the graphene film by electric
dipoles. The excited dipoles for S- and G-shaped interconnec-
tions are placed at the left edges. Two curved graphene films,
whose curvature radii are 35 and 70 nm, are interconnected to
form an S or G shape, as illustrated in Figs. 8(a) and 9(a),
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(b)

=
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respectively. It can be seen from the field patterns that the
propagation of GSPPs is nearly not affected by the variation
of the bending degree. GSPPs can smoothly propagate along
the graphene films. The transmission spectra of GSPPS on
these two shaped films are also calculated. The positions used
to calculate the magnitude of the electric field are selected at a
distance of away from the two edges of the graphene films,
where the curvature radius of the curved graphene are the se-
lected positions are located. The field patterns for the refer-
ence planar graphene films with the equal lengths to that of
the S and G shape are shown in Figs. 8(b) and 9(b), respec-
tively. The distances of selected positions for the planar film
are equal to that of the S and G shape. The transmission also
is defined as the ratio of the electric field intensity at the
selected positions. The transmission spectra in Figs. 8(c)
and 9(c), respectively, reflect the comparison of the GSPPs
transport on the S shape versus the planar and the G shape
versus the planar. The coincidence of transmission curves
once again proves that the bend of graphene nearly does
not affect the propagation of GSPPs, and the interconnection
of curved graphene with different radii and forms such as
G and S shape will not add more loss as the phase matching
condition is satisfied. It also can be seen that, as the lengths

0.72

T v T v T v T

—a— G shape curved| |
& Planar

194 196 198

Frequency (THz)

192 200

Fig. 9. Comparison of GSPP propagating on (a) G shape and (b) graphene films. GSPPs in (a) and (b) are excited by the electric dipoles with the
frequency of 199 THz. Length of G-shaped graphene film is equal to that of the planar. The curvature radii of the two curved graphene films
connected in the G shape are 35 and 70 nm. (¢) GSPP transmission spectra of GSPPs on these two shapes of graphene films.
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of S- and G-shaped films are equal, the transmission spectra
ranging from 190 to 200 THz modulated by the formed cavity
are equal. However, because the length of U-shaped graphene
film is bigger than that of the S and G shape, the transmission
spectra are different at the same frequency range.

Even though these interconnections are in different
types, they all satisfy the phase matching condition, and
the dispersion of GSPPs is nearly not affected by the bend.
Therefore, they all do not induce additional reflection and
interconnection loss. All the above simulations not only con-
firm our theory but also demonstrate the potential that highly
doped graphene films can realize nanophotonic interconnec-
tions without inducing bending effect and interconnec-
tion loss.

5. TRANSPORT OF GSPPs THROUGH
SHARP BENDS

We further investigate an interesting and important problem:
What is the extreme size of curved graphene for interconnec-
tion at a certain spectra range? To answer this question, we
consider transport of GSPPs through a series of 90° sharp
bends, which are made from a quarter-circle-shaped curved
graphene film with different curvature radius interconnecting
two orthogonal planar graphene films. The spectral range
for study of the 90° turning efficiency of GSPPs is still from
190 to 200 THz, which corresponds to telecommunication
wavelengths.

Based on our above analytical theory, it can be seen from
Fig. 3 that, when the radius is down to 5 nm, only the
third-order mode for graphene on cylindrical substrate (circle
shape) exists at the considered spectral range. Nevertheless,
only if the length of curved graphene film is bigger than one
wavelength of GSPPs, the modal profile of GSPPs is almost
not distorted by the interconnection, and the phase matching
condition can be satisfied. Thus, a quarter-circle-shaped gra-
phene film with the curvature radius of 5 nm cannot efficiently
realize interconnection at this spectral range. It can be in-
ferred that the minimum radius should be about 7 nm, as
the bending degree will not affect the dispersion and propa-
gation of GSPPs. Additionally, because the refractive index of
substrate used in Fig. 3 is 1.45, which is higher than that of air
substrate, the minimum radius for the quarter-circle-shaped
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Fig. 10. Realization of 90° turning of GSPP by utilizing curved graphene.
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graphene film to excellently realize 90° turning of GSPPs in
air is about 10 nm.

According to our above-noted theoretical analysis, we
simulate the transport of GSPPs on two planar graphene
films interconnected by the quarter-circle-shaped graphene
(L shape). As comparisons, planar graphene films with equal
lengths to those of the L shape are also simulated. Moreover,
the transmission spectra of GSPPs on these two shaped gra-
phene films are calculated and compared, which can better
monitor the variation of propagation. The simulation results
are illustrated in Fig. 10. The magnetic field (H,) distributions
in these figures are all excited by the dipoles with the fre-
quency of 198 THz. In Fig. 10, the curvature radius of the
quarter-circle-shaped graphene used to interconnect is 10 nm.
The excitation dipoles for the L shape and planar graphene
films are, respectively, placed at the upper edge and left edge
of the films in the figures. Similar to the other shaped gra-
phene film interconnections, we still select two positions,
which are located, respectively, at a distance of 35 nm away
from the two edges of the films along the propagation direc-
tion of GSPPs, to calculate the transmission spectra. The
transmission is still defined as the ratio of intensities of elec-
tric fields at the selected positions. The length of each planar
graphene film comprising the L shape is 157.5 nm. The com-
parison of field distributions in Figs. 10(a) and 10(b) and the
coincidence of transmission spectra of these two shapes in
Fig. 10(c) indicate that realization of 90° turning of GSPPs
by utilizing a quarter-circle-shaped graphene film with curva-
ture radius of 10 nm can be excellently achieved.

6. SUMMARY

In summary, we have theoretically investigated the property
of GSPPs on curved substrate. GSPPs on the curved substrate
with a constant radius (cylindrical substrate) as a concise and
universal model are studied by an analytical method we have
developed. The dispersion relationship, propagation length,
and field confinement of the model are calculated and com-
pared with those on planar substrates. According to our theo-
retical analysis, the bend of graphene nearly does not affect
the property of GSPPs, including the dispersion relationship,
propagation length, and field confinement. The dispersion
curve of GSPPs on curved substrate only has an extremely

T T T T
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* Planar

194 196 198 200
Frequency (THz)

GSPPs in panels (a) and (b) are excited by the electric dipoles with the

frequency of 198 THz. Curvature radius of the quarter-circle-shaped graphene film that is used to interconnect the two planar films is 10 nm in panel

(a). As a comparison, the transport of GSPPS on a planar graphene film
(c) GSPP transmission spectra of these two shapes of graphene films.

with the equal length to that of the L shape is illustrated in panel (b).
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small shift to the lower frequency for the same effective mode
index compared with that on planar substrate. In order to
validate our theory, we calculate the field distributions and
the eigenfrequencies of GSPPs on planar and cylindrical
substrates by means of FEM. The simulation results are con-
sistent with our theoretical analysis.

In addition, different shapes of graphene film interconnec-
tions for realizing the transport of GSPPs are proposed and
simulated. The simulation results demonstrate the great po-
tential that highly doped graphene can realize nanophotonic
interconnetions by making use of the property of curved
GSPPs. Moreover, we predict the extreme tiny size of curved
graphene for interconnection at a certain spectral range by
utilizing our theory, and the prediction is verified by the sim-
ulation of 90° turning of GSPPs. With the development of
graphene applications in nanophotonic circuits, flexible plas-
monic devices, biocompatible devices, and many other fields
that may use curved GSPPs, the understanding of the property
of curved GSPPs plays a key role. Thus, our results provide a
promising way to clarify the bending effect of GSPPs and can
precisely instruct the design work involving curved GSPPs.
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