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Abstract. Graphene is an important material for the design of flexible and stretchable electronic and optoelectronic
devices on account of its high Young’s modulus and generation of highly confined surface plasmons. In this work, we
report the near to far-infrared (FIR) input frequencies required to generate the maximum electric field and magnetic field
for the efficient propagation of surface plasmons for differently doped, micron-long, free-standing and poly(methyl
methacrylate) (PMMA) sandwiched graphene sheets. The effect of the variation of doping of graphene, graphene sheet
length and bent angle of the graphene sheet on the propagating electromagnetic field is analysed at the obtained input
excitation frequencies using finite element method. Low attenuation of 0.034 and 0.234 dB along with relatively high
confinement of *6 and *13 nm for the surface plasmons are achieved for micron-long, bent, highly doped, freely
suspended and PMMA sandwiched graphene sheets at 193.5 and 190 THz, respectively. The knowledge of these optimized NIR–FIR input excitation frequencies producing maximum electric and magnetic field output at the end of
graphene sheet is useful for designing compact and efficient graphene-based flexible and wearable devices for medical
imaging applications.
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Introduction

Graphene with sp2-bonded carbon atoms, having massless
electrons and showing zero bandgaps, possesses extraordinary electrical, optical, mechanical and thermal properties
[1–5]. The opening of the bandgap in 2D-graphene has been
demonstrated by modulating the shape and size of graphene
into narrow ribbons [6,7], nano-strips [8] or nano-disks
[9,10] as well as by chemical doping and applying gate bias
[11,12]. The bandgap opening in graphene is concomitant
with the generation of surface plasmons on account of the
available free conduction electrons. The property of low
loss and high confinement of surface plasmons generation
and their long propagation on graphene is unique in comparison to other plasmonic materials [13]. Additionally,
graphene offers the advantage of tuneable surface plasmons
at THz frequencies [14]. These aspects provide applications
for the design of a variety of graphene-based optical
waveguides, which have been demonstrated experimentally
and theoretically [15,16].
An important emerging area of scientific research is
flexible electronics, which holds great promise for scalable
industrial applications in transparent electrodes [17,18],

energy-harvesting devices [19,20], touch panels and displays [21], thermal imaging [22] and medical sensing [23].
Accordingly, graphene on account of its unique mechanical
property, viz. Young’s modulus of *1 TPa, fracture strains
of *25% [1], high carrier mobility [2] and high confinement of surface plasmons, make it an excellent material for
a variety of such upcoming flexible electronics/optoelectronic device applications [24]. The facile integration of
graphene by existing top–down fabrication methods is an
additional advantage for realizing such flexible electronic/plasmonic devices [25].
Several works have been reported about the propagation
of surface plasmon modes excited on different structures of
graphene. Coupling of dipole emitter excitement at a
varying frequency ranges from 10s of THz to few 100s of
THz, which have been investigated on different structures
of graphene including film, nanoribbon and nano-disk.
Koppens et al [26] showed the presence of surface plasmon
with high energy and high confinement for highly doped
graphene. The generation of waveguide and edge modes
was studied on graphene micro-ribbons as well as on an
array of periodic graphene ribbons as a function of variation
in the micro-ribbon width. It was shown that the number of
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surface plasmon modes on graphene micro-ribbon increase
with frequency as well as the width of the ribbon [27,28].
Surface plasmons polaritons (SPPs) on monolayer graphene
placed on different dielectric substrates has also been
investigated. Monolayer graphene placed on diffractive
SiO2 grating has been simulated for input frequency range
between 24 and 44 THz with varying doping (lc = 0.4–
0.8 eV) to investigate the excitation of confined single and
multimode plasmonic waves by Gao et al [29]. They
reported a blue shift in excitation frequency for the generation of surface plasmons at higher chemical doping [29].
Recently, the effect of different substrate permittivity on the
propagation of graphene SPPs in graphene/LiF/glass
heterostructure was investigated in the far-infrared (FIR)
region. It was demonstrated that by combining graphene
and LiF in one heterostructure, yields tunable hybridized
surface phonon plasmon polaritons (SPPPs) with enhancement in the figure of merit at 5–9 THz [30].
Propagation of SPPs on free-standing curved graphene
surface has been investigated towards application for flexible plasmonics. It was shown that graphene provides much
strong confinement for SPP for curved surfaces as compared
to the silver substrate, and demonstrated waveguide applications for different geometries of curved graphene [24]. In
another study, Xiao et al [31] reported the transport of
graphene SPP on planar and different curve-shaped graphene film with length in the range of 100s nm. It was
shown that comparable transmission for both planar and
curved graphene film was achieved at *200 THz [31].
In this work, we systematically scanned and determined
the near-infrared (NIR)–FIR input excitation frequencies for
the generation of maximum output electric field (|E|max) and
magnetic field (Hzmax) on the edge of thin micron-long
graphene sheet as a function of doping, using finite element
method (FEM) simulation. In order to consider flexible and
wearable electronic applications, we also determined the
efficient propagation of SPPs for micron-long graphene
sandwiched between PMMA polymers. For the identified
input excitation frequencies, we compared the effect of the
bend angle on the attenuation and confinement for freestanding graphene and graphene sandwiched between
poly(methyl methacrylate) (PMMA) polymers. The above
results would be useful towards the design of compact and
practical graphene-based flexible and wearable sensors for
medical imaging applications.

2.

Simulation details

In this work, the graphene material properties are defined by
numerically calculating the complex dynamic conductivity
at room temperature [32–34]. From this dynamic conductivity, a chemical potential (lc)-dependent permittivity is
determined, to obtain the plasmon excitation range as previously reported [35]. The Fermi velocity of graphene is set
as VF = 106 m s-1 [26]. FEM analysis using COMSOL
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Multiphysics is carried out on a thin graphene sheet, sandwiched by air and PMMA of thickness 50 nm on either side
of graphene. We assumed a perfectly coupled electromagnetic source for edge excitement of graphene sheet.
Transverse magnetic polarized electromagnetic waves
having Ex, Ey and Hz components with frequencies ranging
from 1 to 300 THz are incident on the free-standing graphene edge. While the excitation frequency is scanned from
1 to 300 THz, for a particular graphene chemical potential
(l ), the magnitude of electric field |E| computed as
qcﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ex2 þ Ey2 and magnetic field Hz is monitored at the
opposite edge. The maximum magnitude of electric field
|E|max and magnetic field Hzmax of SPPs occurs for a particular frequency finput. Monitors are placed around 50 nm
from the two edges of the graphene sheet to minimize the
edge effects. The effect of the change in graphene doping,
graphene sheet length and bent angle is studied at these
frequencies.

3.

Results and discussion

A freely suspended thin graphene sheet of length L = 1 lm,
in air, is excited by electromagnetic radiation in the range of
1–300 THz. The transverse magnetic-polarized electromagnetic radiation, in a direction parallel to the plane of the
graphene sheet, is incident from the left edge, propagated
over the surface and the output |E|max field generated at the
opposite edge is monitored at the point (red), as indicated in
figure 1a. FEM analysis using scattering boundary condition is employed to compute the excited components of
transverse magnetic modes, viz. Ex, Ey and Hz of the generated surface plasmons, for different input frequencies
(finput), on the surface of the graphene sheet. Simulated plot
of |E| and Hz vs. input frequency at graphene chemical
potential lc = 0.2 eV (figure 1b) shows that |E|max and Hzmax
is obtained at a particular excitation frequency finput of
35.5 THz. An analysis of the generated 2D surface plots of
the propagating electromagnetic waves, for each input frequency, was performed, to ascertain uniform propagation
and high confinement along the surface plasmon propagating direction. Accordingly, input frequencies, finput, were
identified, which gave the highest |E|max and Hzmax intensities for doped graphene with chemical potential, lc,
varying from 0.1 to 1.0 eV. The 3D plot, in figure 1c, shows
the variation in the computed maximum electric field
intensity |E|max of 1.11090 9 105, 2.02961 9 106, 1.94165
9 107, 6.1515 9 107, 1.51378 9 108 V m-1 at input frequencies of 19, 35.5, 97.5, 193.5 and 205 THz for graphene
lc of 0.1, 0.2, 0.5, 0.8 and 1.0 eV, respectively. It is seen
that with increased chemical potential, the frequency at
which the surface plasmons are excited with maximum
electric field intensity also increases, i.e., blue shifted. The
blue shift in the frequency can be explained on account of
the fact that for increased chemical potential of graphene,
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Figure 1. Simulation of graphene plasmons propagation for a given input frequency (finput in THz) radiation for detection of
maximum output electric field (|E|max in V m-1) and magnetic field (Hzmax in A m-1) at the end of a thin suspended graphene sheet in
air with varying chemical potential of graphene from 0.1 to 1.0 eV. (a) Schematic of graphene model used for simulation; (b) plot of |E|
and Hz vs. finput for lc = 0.2 eV; 3D plots showing the variation in (c) |E|max and (d) Hzmax as a function of finput for graphene sheet of
length (L) 1 micron.

Figure 2. Plots showing the variation in the intensity of (a) |E|max and (b) Hzmax as a function of changing graphene sheet length
L from 1 to 10 microns in steps of 5 microns.
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Figure 3. Simulation study of the variation in the propagation of graphene surface plasmon polariton (GSPP) due to bending of
suspended graphene sheet in air with different bend angles from 0° to 180° in steps of 30° (see schematic in inset a). 2D surface plots of
propagating GSPP’s (a) electric field |E|max; (b) magnetic field Hzmax at exciting frequency of 193.5 THz, along with 1 lm long
graphene sheet (lc = 0.8 eV) for a bend angle of 0° and 180°; plots of (c) |E|max and (d) Hzmax as a function of bend angle h for different
chemical potential of graphene lc = 0.1–1.0 eV.
Table 1.

SPP attenuation, intensity loss percentage and skin depth (d) for straight and bent graphene of different lc.
Straight graphene (0° bend)

lc (eV)
0.1
0.2
0.5
0.8
1.0

Bent graphene (180° bend)

Attenuation (dB)

Intensity loss (%)

d (nm)

Attenuation (dB)

Intensity loss (%)

d (nm)

1.139
0.049
0.017
0.007
0.005

12.286
0.558
0.190
0.085
0.063

[50
[50
*18
*6
*7

5.160
1.464
0.076
0.035
0.020

44.791
15.511
0.870
0.396
0.232

[50
[50
*18
*6
*7

the conductivity decreases at a particular frequency [36],
corresponding to a propagating surface plasmon with higher
wave vector, ksp (ksp  iðe þ 1Þx=4pr) and consequently


higher electric field, E (E  exp ksp ðix  jzjÞ ) [26]. Similarly, the 3D plot in figure 1d shows the variation in the
computed maximum magnetic field intensity Hzmax of
9.006, 71.51, 828.8, 3340, 6305.8 A m-1 for different
graphene lc, exhibiting a similar trend for the maximum
electric field intensity.

From the point of view of practical device applications,
we looked at the effect of variation of length of graphene
sheet from 1 to 10 lm. Figure 2a and b shows the variation
in the intensity of |E|max and Hzmax for doped graphene (lc =
0.2–1 eV) for different lengths of 1, 5 and 10 microns. A
decrease in intensity of |E|max and Hzmax is obtained with an
increase in graphene sheet length. As expected, when the
propagation distance for the surface plasmon increases, the
losses in the medium increase, corresponding to a decrease
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Figure 4. Graphene sheet sandwiched in-between PMMA (see schematic). (a) The comparative plot of maximum electric field |E|max
detected for freely suspended graphene sheet (red) and graphene sandwiched between PMMA layers (black) as a function of graphene
chemical potential lc. (b) Plots of |E|max on a PMMA sandwiched graphene as a function of bend angle (h) for the different chemical
potential of graphene lc = 0.1–1.0 eV.
Table 2.

Comparison of attenuation and skin depth for bent and unbent graphene (lc = 0.8 eV) in air and PMMA.
Graphene with air

Attenuation (dB)
Skin depth, d (nm)

Graphene with PMMA

Bend angle 0°

Bend angle 180°

Bend angle 0°

Bend angle 180°

0.007
*6

0.034
*6

0.007
*12

0.234
*13

in the maximum value of |E| and Hz of the surface plasmon.
For higher doping of graphene ranging from 0.5 to 1 eV,
there is a substantial reduction of approximately 86.5% in
the intensity of |E|max, when graphene length is increased
from 1 to 5 lm, however a significant |E|max magnitude of
around 1 to 2.5 9 107 and 0.5 to 1.5 9 107 V m-1 is
obtained for graphene sheet length of 5 and 10 lm,
respectively. Low doped graphene (0.1 and 0.2 eV), in
comparison, shows a much lesser reduction in the intensity
of |E|max as the graphene sheet length increases. Similar
corresponding variations in the magnetic field intensity
Hzmax are observed with increase in graphene length. The
corresponding variation in the magnetic field intensity
Hzmax shows a reduction of 38.5% when the length of highly
doped graphene (1.0 eV) is increased from 1 to 5 lm and
30.5% for a change in graphene length from 5 to 10 lm.
These simulations results point out that at the identified
input excitation frequencies, a significant |E|max and Hzmax
intensity is obtained even for larger lengths of highly doped

graphene, thus providing useful information for the design
of practical flexible graphene devices.
On account of the interest in using graphene for flexible
electronics applications, we have made a study on the effect
of bending of a freely suspended graphene and graphene
sandwiched between flexible PMMA polymers. For the
bending study, we have chosen fixed arc length of one
micron for graphene sheet and varied the angle of bending,
h (0–180°) and the corresponding radius of curvature subtended by the bent graphene sheet, in our FEM simulations
at the macroscopic level, without considering the atomistic
bending parameters as reported before [37]. Figure 3a
shows 2D plots of the highly confined electric field distribution of SPPs, obtained for freely suspended thin graphene
sheet with chemical potential 0.8 eV for bend angles of
0° (upper 2D plot) and 180° (lower 2D plot) at finput =
193.5 THz. The corresponding z-component of the magnetic field of SPPs shows a uniform propagation all along
the graphene surface (see 2D plots in figure 3b). The effect
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of bending of freely suspended graphene (bend angle:
0–180° in steps of 30°) on |E|max and Hzmax of SPPs, for
differently doped graphene is analysed and shown in figure 3c and d, respectively. The variation in the bend angle
at a particular chemical potential does not produce significant changes in the simulated |E|max and Hzmax fields, which
implies good confinement of SPPs for bent graphene also.
Lu et al [24] have also reported low bending losses for
highly doped graphene. However, since the magnitude of
E and H field are high, i.e., 107–108 V m-1 and 103 A m-1,
respectively, the extent of attenuation of the |E|max field as a
result of the bending, for different doping, was further
quantified and is shown in table 1. The attenuations
obtained for micron-long, unbent and bent low doped graphene (0.2 eV) are 0.0486 and 1.4640 dB, respectively, at
an input frequency of 35.5 THz. The high doped graphene
(0.8 eV) shows insignificant attenuation, viz. 0.007 dB for
unbent graphene and 0.035 dB for 180° bent graphene at an
input frequency of 193.5 THz with the corresponding
intensity loss percentages of 0.085 and 0.396%, respectively
(see table 1). This points to efficient surface plasmon
propagation for micron-sized graphene. The confinement of
the SPPs, viz. skin depth (d) was also calculated and it
shows a variation with respect to the chemical potential, i.e.,
being poor for low doped graphene vis-à-vis highly doped
graphene, while as the bending of graphene does not have
any effect on the skin depth.
Since freely suspended graphene cannot be employed for
practical applications, we additionally performed a simulation study for graphene sandwiched between PMMA
polymers, which is a commonly used transparent conducting substrate material for flexible optoelectronics applications. The thickness of the PMMA polymer considered for
the simulation was 50 nm. The identified frequencies at
which maximum values of |E|max are obtained for PMMA
sandwiched graphene were found to be 13.5, 36, 92.5, 195
and 208.5 THz for lc = 0.1, 0.2, 0.5, 0.8 and 1.0 eV.
Accordingly, figure 4a shows the comparison of |E|max of
SPPs detected for PMMA sandwiched graphene with freely
suspended graphene as a function of lc. As lc increases,
there is an enhancement of the electric field for graphene
PMMA structure as observed in the case of freely suspended graphene. Introduction of PMMA with slightly
higher dielectric constant leads to only marginal reduction
in the computed |E|max intensities, as seen in figure 4a. Once
again, the effect of bending on the sandwiched structure
(see figure 4b) shows insignificant changes with respect to
the bent angle. Attenuation is lower (0.007 dB) for unbent
highly doped graphene (0.8 eV)–PMMA sandwiched
structure, while bending by 180° produces comparatively
higher attenuation of 0.234 dB (see table 2). Skin depth
does not show variation, once again, for the bent angle from
0° to 180° on graphene–PMMA sandwiched structure,
while some variation is observed in comparison to freely
suspended graphene (*6 to *13 nm, see table 2). This
result indicates that the confinement of SPPs is not affected
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by the bending of graphene–-PMMA sandwiched structure
also. This makes PMMA a good choice of a substrate to
consider for graphene-based flexible medical imaging
applications.

4.

Conclusion

In this work, the input frequencies to generate maximum
electric field (|E|max) and magnetic field (Hzmax) for freely
suspended doped graphene as a function of graphene sheet
doping are found to be 19, 35.5, 97.5, 193.5 and 205 THz
at lc of 0.1, 0.2, 0.5, 0.8 and 1.0 eV, respectively.
Significant intensities of |E|max and Hzmax of about *107
V m-1 and 103 A m-1 are obtained for micron-sized
graphene sheets. For flexible electronics applications,
highly doped graphene at input frequencies of 193.5 and
190 THz shows negligible attenuation of 0.085 and
0.081% for unbent and 0.396 and 2.660% for 180° bent,
freely suspended and PMMA sandwiched graphene,
respectively. A relatively high confinement of *6 and
*13 nm is obtained for 180° bend highly doped freely
suspended graphene and PMMA sandwiched graphene,
respectively. These simulation studies provide quantification of the input frequencies required to produce maximum
electric and magnetic field intensities for SPPs on micronsized graphene sheets and thereby provide useful information for designing practical graphene-based flexible
devices with low losses.
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