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Damping pathways of mid-infrared plasmons
in graphene nanostructures

Hugen Yan'"*, Tony Low', Wenjuan Zhu', Yanging Wu', Marcus Freitag', Xuesong Li’,
Francisco Guinea?, Phaedon Avouris' and Fengnian Xia'*

Plasmon is the quantum of the collective oscillation of electrons. How plasmon loses its energy (or damping) plays a
pivotal role in plasmonic science and technology. Graphene plasmon is of particular interest, partly because of its
potentially low damping rate. However, to date, damping pathways have not been clearly unravelled experimentally. Here,
we demonstrate mid-infrared (4-15 pm) plasmons in graphene nanostructures with dimensions as small as 50 nm (with a
mode area of ~1 x 10~3 um?). We also reveal damping channels via graphene intrinsic optical phonons and scattering
from the edges. Plasmon lifetimes of 20 fs or less are observed when damping via the emission of graphene optical
phonons is allowed. Furthermore, surface polar phonons in the SiO, substrate under graphene nanostructures lead to a
significantly modified plasmon dispersion and damping, in contrast to the case of a nonpolar diamond-like-carbon
substrate. Our study paves the way for applications of graphene in plasmonic waveguides, modulators and detectors from

sub-terahertz to mid-infrared regimes.

netic energy beyond the diffraction limit, enabling applications

ranging from metamaterials, quantum optics and photovoltaics
to photodetectors and biological sensing!. Graphene plasmons in
particular have attracted great interest, because of their unique tun-
ability?-8, presumably long plasmon lifetime*® and high degree of
electromagnetic confinement®’. The electromagnetic response of
patterned graphene microstructures in the terahertz frequency
regime was studied recently*®? and was found to be dominated by
the plasmon excitations of Dirac fermions*®. Here, we demonstrate
that the dispersive nature of the two-dimensional plasmon enables
engineering of graphene plasmon resonances into the mid-infrared
regime by patterning graphene into nanostructures with dimensions
as small as 50 nm. In contrast to their microstructure counterparts,
in which plasmon resonances lie in the terahertz frequency range,
the mid-infrared plasmonic response has been found to be affected
strongly by interactions with substrate phonons and intrinsic gra-
phene optical phonons. These interactions lead to the renormaliza-
tion of the plasmon dispersion and govern the lifetimes and
propagation distances of plasmons. Moreover, an edge-related
effect on mid-infrared plasmonic responses is explicitly identified,
which not only complements previous transport studies on
similar graphene nanostructures'®-12, but also the research field con-
cerning localized plasmons in metal nanostructures'>!4,

Plasmonic nanostructures allow the confinement of electromag-

Experiments and methodology

Graphene nanostructures such as nanoribbon, antidot and nanodisk
arrays were defined using electron-beam lithography on graphene
grown by chemical vapour deposition (CVD)'"®. Different support-
ing substrates, such as SiO, and diamond-like-carbon (DLC)',
were used on top of highly resistive silicon wafers. The mid-infrared
transmission measurement set-up for these structures (see Fig. 1a)
consisted of an infrared microscope coupled to a Fourier-transform
infrared spectrometer (FTIR), used in conjunction with a broad-
band polarizer. Details of the fabrication and measurement pro-
cedures are given in the Methods.

The qualitative behaviour of the plasmonic response in graphene
nanoribbons and nanodisks is similar, except for a distinct polariz-
ation dependence in the former*®. Here, we focus on graphene
nanoribbons (see Fig. 1b for a typical scanning electron microscopy
(SEM) image). The electromagnetic responses of these graphene
nanoribbon arrays are characterized by the extinction spectra
1 = Tper/ Ty and 1 — T/ Ty, where T, and Tp,, are the trans-
mission of the light through the ribbon array with the electric
field perpendicular or parallel to the ribbon, and Tj, is the trans-
mission through the substrate without graphene. Figure 1c presents
the extinction spectra of a ribbon array on a SiO, substrate, with
ribbon widths of ~240 nm. The two curves show results for incident
light with polarization perpendicular (red) and parallel (grey) to the
ribbons, respectively. The inset depicts the dipole oscillation in a
graphene nanoribbon.

As a result of excitation of localized plasmons, the extinction
spectrum with perpendicular polarization shows prominent reson-
ance peaks®®. The multiple resonance peaks observed here are in
sharp contrast to the results for far-infrared spectra of graphene
microstructures, which usually display a single strong resonance*®.
Because of a lack of plasmon excitation, the spectrum with parallel
polarization has no resonance peaks, except for small features
between 1,000 cm™ ' and 1,200 cm ™. These features are related to
the rapidly varying dynamic dielectric function of the SiO, sub-
strate!”, and are weak (<1% in extinction) in comparison to the pro-
minent plasmon peaks. In this mid-infrared wavelength range, if
light polarization is parallel to the highly doped graphene ribbons
(as reported in this work), the interaction with light is insignificant
due to Pauli blocking of the interband transitions and the weakness
of the free-carrier intraband transitions at such high frequencies'®.
As a result, the transmission spectra of the ribbons for parallel
polarized light (T,,,) are very close to those of the reference (T;),
and in subsequent presentations will serve as a reference for the
extinction spectra of perpendicularly polarized light. In other
words, the extinction spectrum is defined as 1 — T,/ T,,,, elsewhere
in this Article (see Methods).

ar

'IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598, USA, *Instituto de Ciencia de Materiales de Madrid, CSIC, Sor Juana Inés de
la Cruz 3, 28049 Madrid, Spain, "These authors contributed equally to the work. *e-mail: hyan@us.ibm.com; avouris@us.ibm.com; fxia@us.ibm.com

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics 1

© 2013 Macmillan Publishers Limited. All rights reserved.


mailto:hyan@us.ibm.com
mailto:avouris@us.ibm.com
mailto:fxia@us.ibm.com
http://www.nature.com/doifinder/10.1038/nphoton.2013.57
www.nature.com/naturephotonics

ARTICLES

NATURE PHOTONICS pot: 10.1038/NPHOTON.2013.57

@)
o
! ©
P 3
Dielectric 2
Substrate
Tper or Tpar

c Frequency (THz)
20 30 40 50 60
| L | L | L | L |
9 -
| — Perpendicular:1-T,,, /T,
Parallel: 1— Toa/ To g eaeaey
] Dielectric: SiO, ;

h
o+

Extinction (%)

Second order

— T
900 1,200 1,500 1,800 2700

Wavenumber (cm™)

Figure 1| Schematics of the experiment. a, Mid-infrared transmission measurement scheme for graphene nanoribbons. The excitation light is broadband.
False colours are used for excitation light (rainbow) and on-resonance light in graphene nanoribbons (red). b, SEM image of a typical array of graphene
nanoribbons. The width of the ribbon is ~100 nm. ¢, Extinction spectra of a ribbon array on SiO, with the incident light polarization perpendicular (red) and
parallel (grey) to the ribbons. Ribbon width is 240 nm. A weak second-order mode is indicated. Inset: dipole oscillation in a graphene ribbon.
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Figure 2 | Plasmons in graphene nanoribbons on DLC. a, Extinction spectra (1 — T, /T,,,.) of graphene ribbons on DLC with different ribbon widths. The
spectra were referenced using transmission of light with parallel polarization (7,,,,). Inset: plasmon resonance frequency as a function of wave vector
q=m/W, where W is the width of the nanoribbon. The grey curve is a fit according to w,~ /. b, The same plasmon resonance data (red dots) as in a,
plotted as a function of wave vector g =m/W,, where W, = W — W, is the effective ribbon width and W, is 28 nm . Plasmon resonance data for a lower
Fermi level case are also plotted (grey dots). Dashed curves are fits based on /g scaling. The shaded area is the intraband Landau damping region.

The multiple resonance structures observed in the spectra of
Fig. 1c are due to interactions of graphene plasmons with substrate
phonons. These Fuchs-Kliewer!® surface optical (SO) phonons are
well known in polar semiconductor surfaces and have been
studied extensively in conventional two-dimensional electron
systems?*2!. When graphene is placed on a polar substrate such as
SiO, that accommodates these SO phonons, long-range Frohlich
coupling can mediate interactions with the electronic degrees of
freedom in graphene’?”, including the collective plasmon
modes?®. These interactions produce hybridized plasmon-phonon
modes in the vicinity of their crossing energies and have recently
been observed using techniques such as electron energy loss spec-
troscopy of epitaxial graphene on SiC substrate’® and near-field
optical nanoscopy of graphene on a SiO, substrate®. It is instructive
to first consider a simpler system, that is, graphene on a nonpolar
substrate, DLC.

Plasmons of graphene nanoribbons on DLC substrate

Figure 2a presents extinction spectra for graphene ribbons of
various widths W on a DLC substrate. We observe only one promi-
nent plasmon resonance peak for each spectrum, unlike in the
spectra for the SiO, substrate. Here, we expect the plasmon reson-
ance frequency to follow a simple /q dispersion in the long wave-
length limit, where g is the plasmon wave vector, as predicted by
random phase approximation (RPA) theory for the linear response
of two-dimensional electronic systems? such as graphene?”?. For
localized plasmons in graphene ribbons, g is simply given by
/W (ref. 29), regardless of the spacing between the ribbons or
the period of the array. The inset of Fig. 1c depicts the surface
plasmon dipole resonance within the ribbon. The plasmon reson-
ance in a periodical ribbon array is dominated by the dipole reson-
ances within each isolated ribbon, as the ribbon-to-ribbon coupling
effects are much weaker®*. The inset of Fig. 2a shows the extracted
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Figure 3 | Plasmons in graphene nanoribbons on SiO,. a, Extinction spectra (1 — T, /T,,.) of graphene ribbons on SiO, with different ribbon widths. The
spectra are vertically displaced for clarity. The vertical dashed line indicates the graphene optical phonon frequency. b, Plasmon frequency as a function of
wave vector g = /W, for peaks 1, 2 and 3 and a second-order dipolar mode peak in a. The calculated loss function is plotted as a two-dimensional
pseudocolour background. The dashed line represents the plasmon frequency without considering plasmon-phonon hybridization. Two surface polar phonons
and the intrinsic optical phonon frequencies are indicated. See Supplementary Section Sl for details of modelling.

plasmon frequencies from Fig. 2a as a function of 7/ W, where there
is clear disagreement with the simple scaling @, oc /(/W) pre-
dicted by theory. This discrepancy is not due to breakdown of the
long-wavelength approximation, and correction caused by the
quantum confinement effect is also negligible for dimensions
larger than 10 nm (ref. 31).

Earlier experiments with graphene nanoribbons have shown that
it is often necessary to postulate an electrical width smaller than the
physical width in order to explain electrical transport behaviour!®-12,
Indeed, fabrication of graphene ribbons by electron-beam lithogra-
phy and oxygen plasma etching can impart atomic-scale defects and
complicated edge chemistry®® that render the edges electrically
‘inactive™?. In a similar fashion, we introduce an effective ribbon
width defined as W, = W — W,,. Figure 2b displays the plasmon fre-
quency as a function of g = /W,. The dashed lines are /g fittings,
and agree very well with experiments for two different doping levels
and W, =28 nm. Using this methodology with the same W,, we
can also explain the more complicated hybrid plasmon-phonon dis-
persions in graphene on SiO,, as discussed in the next section.

Plasmons of graphene nanoribbons on SiO, substrate

Figure 3a presents extinction spectra for graphene ribbons on a SiO,
substrate with W ranging from 60 to 240 nm, demonstrating three
major resonance peaks and a weak higher-order resonance’
within our measured frequency range of 650-6,000 cm™'. These
ribbons were prepared under similar conditions as used for the
ribbons on the DLC substrate, so they have similar doping levels
(see Methods). We can identify four key trends in the spectra.
The first is dispersion: all resonance peaks blueshift as W decreases,
but at very different rates. In particular, peak 3 disperses upwards in
frequency at a much faster rate. The second is spectral weight, which
is transferred from peak 1 to peaks 2 and 3 with decreasing W, until
eventually peak 3 retains all of the spectral weight for W< 90 nm.
The third trend is linewidth. The linewidth of peak 3 increases
with decreasing W, while the linewidths of peaks 1 and 2 remain
almost constant. In fact, the resonance linewidth for ribbons on
DLC discussed in the previous section also exhibits the same
trend as that of peak 3 in Fig. 3a. The linewidth is directly related

to plasmon damping and will be discussed in the next section.
The final trend relates to line shape: peak 3 is very asymmetric,
especially in relatively narrow ribbons. As detailed in
Supplementary Section SIII, the line shape can be well described
by a Fano resonance model*%.

The multiple resonances observed in the spectra are ascribed to
plasmon-phonon coupled modes and can be described within a
generalized RPA theory?**>%. Directly relevant to our experiments
is the loss function J[1/&7}"], defined as the imaginary part of the
inverse dielectric function, which represents the ability of the
system to dissipate energy via plasmon excitations. Our calculations
include both interactions with the relevant substrate SO phonons of
§i0,"7 at w,, = 806 cm” ' and @y = 1,168 cm ™ ' and the graphene
intrinsic optical phonon modes® at w,, = 1,580 cm™ ', A detailed
discussion is provided in Supplementary Section SI. It is worth men-
tioning that the surface polar phonon itself can also be excited by
light, leading to phonon-polariton resonance. This has been
demonstrated using infrared nanoscopy on SiC surfaces®®. Similar
to plasmons, this phonon-polariton can also dramatically confine
the electromagnetic wave.

Figure 3b presents an intensity plot of the loss function overlaid
on the resonance peak frequencies obtained from the spectra in
Fig. 3a. We applied the same methodology used in the previous
section, that is, defining the wave vector of the localized plasmon
to be g=m/(W — W,), with W, =28 nm. Excellent agreement
with the experimentally observed plasmon-phonon dispersions
can be obtained using a Frohlich coupling strength of F7,) ~ 0.2 meV
and F2, ~2 meV, where the latter takes into account the mode’s
double degeneracy. The value of the Frohlich coupling quantifies the
hybridization of the plasmon-phonon mode and the anticrossing
energy splitting, and is defined as

P hag, 1 1
*om Ehigh T & Slow T &

(Supplementary Section SI), where &, and g, are the high- and
low-frequency dielectric constants of SiO,, respectively. The values
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Figure 4 | Origins of plasmon damping. a, Damping rates of plasmons of graphene ribbons with similar doping on DLC (red) and SiO,, (grey) as a function
of W.. For ribbons on SiO,, peak 3 in Fig. 3a is used. The red dashed curve is a fitted curve (described in the main text) and the grey dashed curve is a guide
to the eye using I, oc (W — W)™ b, lllustration of the plasmon damping process through the emission of an optical phonon, which brings it into the
intraband Landau damping regime; electron-hole pairs are created. ¢, Plasmon lifetimes of ribbons on DLC (red dots) and SiO, (grey dots) as functions of
plasmon resonance frequencies. Dashed curves are calculated results, with the orange curve representing plasmon damping via phonon emission only, the
blue curve both phonon emission and bulk scattering, and the grey (for SiO,) and red (for DLC) curves for phonon emission, bulk scattering and edge
scattering (Supplementary Section SlI). d, Extinction spectra of a ribbon with W =100 nm on SiO, at four different doping levels. Inset: extracted full-width
at half-maximum (FWHM) as a function of the corresponding plasmon resonance frequency.

extracted from fitting of the hybrid plasmon-phonon dispersions,
although of the same order as the quoted values used in the
literature®, can serve as a better estimate. In addition, the second-
order dipolar mode®?, with the wave vector in this case given by
q=73m/(W — W,), also coincides with the dispersion of its funda-
mental mode. The above agreement further validates the premise
that the effective width W — W, defines the plasmon momentum,
and W,=28 nm consistently explains both plasmon and hybrid
plasmon-phonon dispersions on both DLC and SiO, substrates.
From a comparison of the plasmon dispersion without plasmon-
phonon hybridization (dashed curve in Fig. 3b) and the fully RPA cal-
culations, we see that for g << 0.4 x 10° cm ™', the surface phonon
effect causes little deviation from the simple \/q dispersion. Hence,
the plasmon frequency in microribbons follows the simple scaling
relation as previously observed by Ju and colleagues®. Furthermore,
we note that the loss function can also describe the evolution of the
plasmon peak intensity for the three hybrid plasmon-phonon
branches, featuring two anticrossings and spectral weight transfer
from the low- to high-frequency plasmon branch (peak 3) with
increasing q (see also Supplementary Section SI).

Origins of plasmon damping

Many plasmonic applications can benefit from a long plasmon life-
time!. However, depending on the system of interest, plasmon can
decay into photons via radiative processes?! or into electron-hole
pairs via inter- or intraband Landau damping®®. In addition, inelas-
tic scattering with phonons!**? and elastic carrier scattering pro-
cesses™4*3 can also contribute to plasmon damping. The former
two processes can be ruled out because the contribution from

radiative damping in graphene nanostructures is expected to be neg-
ligible®® and plasmon excitations in our devices lie outside the
Landau damping regime, as indicated in Figs2b and 3b.
However, the latter two processes can be important with large
plasmon energies (that is, iw, > 0.2eV) and small dimensions,
respectively. Finally, interactions with SO phonons can also influ-
ence the lifetimes of hybrid plasmon-phonon modes, especially
when the energy of the hybrid mode is close to that of the SO
phonons®. Our scaled graphene nanoribbons with different
widths enable us to identify the damping mechanisms of graphene
plasmons in a comprehensive manner.

From the extinction spectra in Figs2a and 3a, the plasmon
damping rate I', can be extracted from the resonance linewidth
using a simple procedure as described in Supplementary Section
SII. Figure 4a plots the extracted I', as a function of the effective
ribbon width W,. For the hybrid plasmon-phonon modes on
SiO,, only peak 3 is plotted because it exists for all of the differently
sized ribbons. On a DLC substrate, because the plasmon resonance
energy is always below the optical phonon energy, the dominant
broadening mechanism involves elastic carrier scattering processes.
Indeed, its damping rate increases as W, decreases, indicative of
scattering at the edges of the ribbon. A similar damping effect for
plasmons in metallic nanoparticles has been extensively
studied"'*. This effect can be modelled using'>'* I', =T+
a/W,, where I'; is the damping rate due to carrier scattering in
bulk graphene, which was measured to be ~69 cm™ ' from the
Drude response!® of large-area, unpatterned graphene nearby on
the same DLC substrate, and a is a fitting parameter. This approach
was also used to describe damping in metal nanoparticles. We also
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want to emphasize that in microscale plasmonics structures, the
damping rate Iy is almost identical to that extracted from
the Drude response, indicating the weak impact of the edges. In
the fit, a~2 x 10°m s~ ', of the order of the Fermi velocity, as
expected from the edge scattering point of view. The DLC data
therefore provide us with a good measure of damping due to edge
scattering, which will prove useful in our analysis of additional
damping channels for graphene ribbons on SiO, substrates.

Despite the similar characteristics of nanoribbons themselves
(that is, similar I'j and doping), the plasmon damping of ribbons
on SiO, is very different, as shown in Fig. 4a, when compared
with ribbons on DLC. First, we emphasize that the damping of
hybrid plasmon-phonon modes depends on the relative plasmon
versus phonon character. For example, the mode described by
peak 3 in Fig. 3a is predominantly phonon-like for large W,, as
it resonates near the SO phonon frequency w,,,. As a result, its
damping is determined primarily by the SO phonon lifetime
(Supplementary Section SII), which is typically in the picosecond
regime. This explains the lower damping rate of this mode com-
pared to the ribbons on DLC in the large W, limit, as shown in
Fig. 4a for W, > 120 nm. Similarly, the small linewidths for peaks
1 and 2 in Fig. 3a can also be accounted for using the same reason-
ing. On the other hand, in narrower ribbons (that is, W, < 90 nm),
the mode described by peak 3 disperses rapidly in frequency and
becomes plasmon-like. However, in contrast to the DLC case,
where the plasmon frequency is lower for ribbons of the same
width as a result of the different dielectric environments, it has a
plasmon frequency larger than the graphene optical phonon fre-
quency of 1,580 cm ™. In this case, the plasmon can decay into elec-
tron-hole pairs via the emission of a graphene optical phonon,
thereby explaining the larger damping. This process is schematically
illustrated in Fig. 4b, and the following quantitative modelling
verifies this mechanism.

Figure 4c plots the plasmon lifetime as a function of plasmon fre-
quency instead of damping rate. The plasmon lifetime in graphene
ribbons on DLC can be modelled by 7=[I';+a/ We—i-l“ep]*l,
where I, is the additional damping due to optical phonon exci-
tations. I', ) can be calculated from the electron self-energy due to
interaction with the optical phonon***, although its effect is rela-
tively small for our measured ribbons on DLC. Lifetime modelling
of the hybrid plasmon-phonon mode (that is, peak 3) in the SiO,
counterpart is more involved (Supplementary Section SII). After
accounting for the plasmon decay channel via optical phonons,
good agreement is achieved for plasmon lifetimes on both DLC
and SiO,, as shown in Fig. 4c. In SiO,, the hybrid mode begins
with a long lifetime in the vicinity of the SO phonon energy at
1,168 cm ™', but deteriorates rapidly to 20 fs as its plasmon energy
exceeds the optical phonon energy. The plasmon lifetime of 20 fs
corresponds to a propagation length of 200 nm due to energy
dissipation at a frequency of ~2,000 cm™" (plasmon mode area
~2 x 107 pm?). This observation clearly highlights the important
role of the various phonons regarding plasmon lifetime. Moreover,
Fig. 4c shows that for the same frequency plasmon mode, the life-
time of plasmon on DLC is much shorter than that on SiO,. This
is due to the fact that to have the same plasmon frequencies,
ribbons on DLC have to be much narrower than those on SiO,,
and edge scattering is more pronounced.

We strengthen our case for plasmon decay via optical phonons
by studying the carrier density dependence of the plasmon line-
width. Figure 4d shows the extinction spectra of a ribbon array
with a width of 100 nm on SiO,, at four different doping concen-
trations. Procedures for adjusting the doping are described in the
Methods. We observed an increase in plasmon resonance fre-
quency and amplitude with doping, as expected from the
carrier density scaling law in graphene®. As the plasmon fre-
quency exceeds the graphene optical phonon energy, we observed

a substantial increase in its resonance linewidth, as demonstrated
in the inset of Fig. 4d. In contrast, the plasmon resonance line-
width decreases slightly with doping in the far-infrared regime
for graphene microstructures®. This observation further reinforces
our picture of the plasmon decay channel via optical
phonon emission.

Outlook for graphene plasmonics

By the scaling of plasmonic structures into the nanometre regime we
can unravel the importance of both substrate and intrinsic optical
phonons for plasmon dispersion and lifetimes. These new findings
have important implications for furthering our understanding of
basic electronic properties such as carrier screening, scattering
and energy dissipation?*243%494546 Most importantly, our study
provides important guidelines for the design of future graphene-
based plasmonic devices. Indeed, interaction with optical phonons
in graphene limits the quality factor of the plasmon resonance
beyond the optical phonon frequency. As a result, the optimal oper-
ation wavelength of future graphene plasmonic devices should lie
between the subterahertz regime and 6.5 um. Nevertheless, the
hybridized plasmon-phonon mode in the vicinity of the surface
polar phonon frequency features a long lifetime. It might be prom-
ising to exploit this for high-performance mid-infrared
photonic devices.

Methods

Large-scale graphene was grown using CVD on copper foil and was then transferred
to SiO,/silicon or DLC/silicon substrates!®, before subsequent electron-beam
lithography and oxygen plasma etching. The fabricated nanoribbon arrays were
designed to have widths W equal to the spacing between adjacent ribbons, thereby
corresponding to a filling factor of 50%. The array size was 70 pm x 70 pwm,
significantly larger than the infrared beam size (diameter, ~25 pum) used in the
experiments. The as-prepared samples were hole-doped with a Fermi level of
approximately —0.3 eV. By exposing the samples to nitric acid vapour for 10 min,
the Fermi level could be decreased further to below —0.5 eV. Baking the doped
sample at 170 °C could reduce the doping significantly. As a result, by adjusting the
doping and baking times, we can achieve various doping concentrations, which can
be determined using the extinction spectra in the far-infrared'®. In the transmission
measurements, we first recorded the transmission spectrum T, for light
perpendicularly polarized with respect to the ribbons, and the extinction spectra for
this particular polarization (1 — T,,,,/T,) were obtained using the transmission of
the bare substrate (with oxide but no graphene ribbons), T, as reference. The
extinction spectrum (1 — T,,,,/T,) for light with polarization parallel to the
nanoribbons was obtained in a similar manner. Light transmission through the
substrate without graphene T;, has no polarization dependence. As shown in Fig. 1c,
the extinction spectrum for parallel light polarization (1 — T,,,/T;) was close to
zero over the entire wavelength of interest. Consequently, for simplicity we used

1 = T,/ Ty, for the extinction spectrum of the light with perpendicular

par
polarization, because in this case no reference point is necessary.
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