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Abstract

Graphene-based structures have various prospective applications in optics and photonics. However, most of
these applications require fabricating devices on an industrial scale. Currently, this can be achieved using two
technologies: chemical vapour deposition (CVD) of graphene on a SiO5 substrate (G-on-SiOs), and epitaxial
graphene formed on a SiC substrate (epi-G). In these technologies, graphene is strongly coupled to the substrate,
causing it to affect the spatial distribution of the electromagnetic field and optical modes. In this study, we
investigated plasmon excitation in the epi-G nanoribbon arrays. We showed that plasmon dispersion in epi-G
nanoribbon arrays deviates from that predicted by the analytical model, which works well for G-on-SiOs structures.
Simultaneosly, numerical simulations of epi-G plasmons using the Fourier modal method, which accounted for
substrate-induced effects, appeared to agree well with the experimental spectra. We also demonstrated that epi-G
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structures provide a prospective platform for far- and mid-infrared photonic applications.
Graphene, plasmon, graphene nanoribbon array, silicon carbide, Fourier-transform infrared

Introduction

Inrecent years, the study of two-dimensional (2D) materials,
such as graphene and other van der Waals structures,
has attracted increased interest, because of the remarkable
properties that render them highly suitable for optics and
photonics [1, 2, 3, 4, 5, 6, 7]. The high local density
of the optical states of confined plasmonic modes (larger
by a factor of 108 than that in free space [3]) allows
the development of surface-enhanced infrared absorption
(SEIRA) spectroscopy. Similar to surface-enhanced Raman
scattering [9, 0], SEIRA originates from resonant light—
matter interactions and provides strong infrared (IR) field
enhancement and confinement of incident light near the
surface of a customised structure [11, 12]. Plasmon
resonances in graphene nanoribbon (GNR) arrays—the
leading mechanism of light—graphene interactions—have
been studied in sufficient detail in chemical vapour deposi-
tion (CVD) of graphene samples on a SiO9 substrate (G-on-
Si0-), where the technology allows the fabrication of large-
scale patterns and can be implemented industrially [1, 11].
Depending on the ribbon width, the type of doping (i.e.,
electrical or chemical), and substrate material, the plasmon
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frequency in GNR arrays can be continuously tuned from
the far-IR [13, 14] to the mid-IR frequency range [15, ],
fully covering the molecular fingerprint region (600 — 2000
cm™!). The GNR arrays significantly enhance the IR
absorption of organic molecules immobilised on graphene,
thereby providing an effective platform for biosensing and
chemical detection applications [16, 17]. Furthermore,
gas molecules have been selectively identified by improved
GNR-based sensors through the adsorptive redistribution
of the molecules on graphene [ 18, 19]. In addition, SEIRA
spectroscopy can be achieved by other resonant phenomena,
such as the excitation of surface phonon polaritons (SPhPs)
[20, 21] and hyperbolic phonon polaritons [12] appearing
in the so-called reststrahlen bands (between the LO and TO
phonon modes) [21], wherein plasmon modes are damped
to enable spectral studies in a continuous spectrum from the
far- to mid-IR range. In addition, graphene structures such as
GNR arrays have been implemented as platforms for filters
[22], selective polariser devices [23], sensors [ 1 8], and other
devices [24, 25, 26].

An alternative to CVD graphene technology is the
graphitisation of the Si-terminated face of silicon carbide
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(SiC (001)) (epi-G), which has been less explored for
large-scale applications [27, 28, 29]. Owing to its surface
morphology [30, 31], epi-G demonstrates new effects that
are hardly observable in CVD graphene devices: terahertz
(THz) filtering by alternating ribbons of mono- and bilayer
graphene [32], intrinsic plasmons, and magnetoplasmons
in unpatterned epitaxial graphene [33]. Being polar
crystals, SiC substrates are of significant interest for SEIRA
applications because they facilitate effective coupling of
electromagnetic radiation to SPhPs in the epi-G layer
[21, 34], which covers the frequency range 800 — 1000 cm™~*
(in SiC, wro = 796 cm™!, wro = 972 cm™' [35]). In
combination with the plasmonic mechanism of light—matter
interaction, they offer a prospective alternative to CVD-
graphene-based technology for biosensing and chemical de-
tection applications. In addition, the coupling effect of SPPs
and SPhPs in the epi-G provides a mechanism for regulating
the Casimir force and may potentially lead to its precise
experimental measurement at the nanoscale [36]. However,
despite the pronounced effects and good correlation with
theoretical models [37, 38], the light-plasmon interaction in
epi-G structures has not been well studied experimentally
compared to G-on-SiOs. The difference in the substrate
dielectric constant may be expected to result in application-
important divergences in the plasmonic properties of epi-G
structures. Simultaneously, the higher frequency range of
the TO-phonon peak and its larger refractive index in SiC
compared to SiOs allow more distinct studies of plasmon
properties in the low-frequency range, where the plasmon—
plasmon interaction is not as pronounced.

In this study, we demonstrated the plasmonic response of
GNR arrays fabricated using large-scale epi-G. We showed
that the extinction spectra were described well by the
damped oscillator model, confirming the plasmonic nature
of the resonances. Unlike CVD GNRs on SiOo, the position
of the plasmon peak of epi-G GNR in the frequency range be-
low the reststrahlen band exhibited only a weak dependence
on the ribbon width. Furthermore, we performed numerical
simulations using the Fourier modal method (FMM), which
agreed well with the experimental spectra. These results
provide new insights into the substrate-induced effects on
graphene plasmons and demonstrate that epi-G enables
stable substrate-coupled plasmonic excitations suitable for
IR photonic applications.

Results

Samples The GNR arrays (Fig. 1a) were fabricated from
epi-G and designed with grating periods ranging from 1 to
2 pm. For all samples, the ribbon width W (W € [500; 1000]
nm) and inter-ribbon spacing L were equal, resulting in a
fixed filling factor »r = W/(W + L) = 0.5. The patterned
area in each sample was 1 mm X 1 mm.

Experimental setup. We measured the Fourier transform
infrared spectroscopy (FTIR) transmission spectra of the
GNR arrays in a spectral window from 50 cm™! to 700

(b)
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Suppoft

Fig. 1. (a) Schematic of the GNR array with TM and
TE mode representations. The dielectric constant of
epi-G is €2 and that of the SiC substrate is £1. (b)
Schematic of the GNR array sample inside the FTIR
spectrometer. The thickness of the supports was
chosen such that diffraction effects were negligibly
small.

cm~! with a resolution of 8 cm~!. The sample was mounted
behind an aperture to suppress the diffraction effects so that

a>d> h,

where a is the array size, d the aperture diameter, and
h the aperture-to-sample distance. A schematic of the
experimental set-up is shown in Fig. 1b.

Normally, the incident radiation is linearly polarised,
with a polarisation purity exceeding 99% over the full
spectral range. During the measurements, the orientation
of the sample was fixed, and the polariser was rotated to
record spectra in the transverse electric (TE) mode, wherein
the incident electric field was parallel to the graphene
ribbons, and the transverse magnetic (TM) polarisation
mode, wherein the electric field was perpendicular to the
ribbons (Fig. la). The transmission spectra of the
empty aperture were recorded under the same polarisation
conditions as a reference.

Raman measurements. We characterised the GNR samples
using Raman microscopy. The results confirmed the
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Fig. 2. Raman characterisation of samples (laser wavelength = 532 nm, laser power = 8.5-17 mW, acquisition time =
20-50 s). (a) Raman spectra of the SiC substrate (black) and a GNR on the SiC sample (red; ribbon width = 600 nm)
with the poorly visible D and well-pronounced G and 2D graphene peaks. The G and D peaks are surrounded by the
dominating peaks of the SiC substrate. (b), (¢) Variation of the G- and 2D-peak positions from sample to sample and|
between various points of each GNR sample. Dots and bars are the mean and standard deviation of the peak position of a|
GNR sample averaged over four measurements. (d), (¢) Examples of G and 2D peaks obtained as the difference between
the GNR on SiC and the pure SiC Raman spectra. The G peak is surrounded by small peaks, which are the remainder off
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presence of a graphene layer on top of the SiC substrate (Fig.
2). The stand-alone 2D peak was clearly visible, whereas
the G peak could be extracted from the surrounding multiple
SiC peaks of greater amplitude by normalising the difference
between the sample and substrate spectra. This provided a
good peak position but also affected its amplitude. The
shape of the 2D peak depends on the number of graphene
layers [39].

The spectra presented in Fig. 2e can be attributed to
mono- or bilayer graphene, and considering the 2D-peak
position (2710 cm~!) and width (60 cm™!), we assumed
that the studied GNR samples consisted predominantly of
monolayer graphene, since the 2D peak for bilayer graphene
is typically wider (90 cm™!) and located near 2740 cm™!
[29]. Both the G- and 2D-peak positions are strongly related
to the Fermi energy of graphene [39]. We measured the
Raman spectra at four different points on each sample. The
average sample peak positions are shown in Fig. 2b,c,
where the error bars represent the standard deviation. For

both peaks, the standard deviation of the mean value (1.5
and 1.9 cm™! for the G and 2D peaks, respectively) was
sufficiently less than the average standard deviation of a
single sample (2.5 and 3.5 times for the G and 2D peaks,
respectively); i.e., the peak position variation within one
sample was greater than that from sample to sample.

Since the FTIR transmission spectra were measured
from the entire sample area, we studied the average GNR
plasmon extinction. In this case, the plasmon peak
position is defined by the mean Fermi energy, and the
plasmon width arises from both plasmon scattering and the
inhomogeneity of the Fermi energy over the sample. Thus,
by focusing on the plasmon frequency, we can assume from
the Raman spectroscopy results that the sample-to-sample
inhomogeneity of the Fermi energy can be neglected. For
a rough estimation of the Raman-spectra-based value, we
applied the G-peak position to the Fermi energy dependence
from Ref. [39] and arrived at Er = 230+30 meV (18504240
cm™!), which agreed with the data obtained from the FTIR
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studies and used in the simulations included below.

FTIR experimental results. The transmission spectra of
the GNR arrays, tgyg(w), and the pure SiC substrate,
7sic (w) were used to obtain the extinction, n.(w), of the
GNR arrays:

TGNR(W)
Tsic(w)

Ne(w) =1- ey

The extinction spectra for the TM polarisation of the
samples with ribbon widths of 500, 800, and 1000 nm are
shown in Fig. 3c)). The spectra exhibited a pronounced
peak near 150 cm~! in the TM mode, which was due to the
absorption of radiation by the surface plasmons. The peak
position shifts from 130 to 153 cm™ as the ribbon width
decreases.

We measured two types of gratings of the same ribbon
width, W = 600 nm, with mutually perpendicular ribbon
directions (called ”vertical” and "horizontal”) while keeping
the light polarisation fixed at 0° or at 90° to ensure that the
plasmon peak originated in the breaking of the translational
symmetry by the GNR grating and not due to the intrinsic

spatial confinement caused by SiC step bunching in epi-G
itself. Fig. 3 (b) shows the four extinction spectra of both
the arrays with incident radiation in two directions. One
polarisation, 0°, is set parallel to the vertical” ribbons
and perpendicular to the “horizontal” ones.  Another
polarisation, 90°, is, contrariwise, set perpendicular to the
“vertical” grating and parallel to the "horizontal” one. The
plasmon peaks of both arrays were present for the TM mode
of GNR grating, as expected.
Discussion

We provide an analytical model for plasmon excitation as
well as the results of the simulations using the FMM, which
explicitly accounts for the substrate-induced effects on the
electromagnetic field distribution, to understand in depth the
experimentally observed plasmon response in GNR arrays.
Canonical models. The plasmon extinction peak can be
described by a damped oscillator as follows:

2D, T,

9’
2 (w? — w3)? + w5

Ne(w) = 2
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where w is the radiation frequency, D, the oscillator
strength, I', = hv, v the plasmon scattering rate, w, the
plasmon frequency, and 7 the reduced Planck’s constant.
The Fermi energy of the GNR is calculated from the
oscillator strength as [13]:

Dpn, nhy

Ep =

2rnar mhy — Dpngy’ )
where « is the fine structure constant and ng; = (ng +
n1)/2 ~ 2.1 the average refractive index of the ambient air
and SiC (n; =~ 3.2). Here, we accounted for the radiative
damping of the plasmons [13].

The value derived from Maxwell’s equations under the
quasi-static approximation for THz plasmon resonances
in graphene micro-ribbon arrays [|1] yields a square-root
plasmon dispersion on the ribbon width:

/ 2E
hw, = 27re F,
Wk

where Ef is the Fermi energy and « = 5.6 the average
dielectric constant of the surrounding media. The model
used to derive Eq. (4) assumes that the plasmon scattering
rate, plasmon—plasmon interactions, and plasmon radiative
damping are negligible. If these effects are considered, the
plasmon frequency will be red-shifted [13]:

“4)

e2A(r

hwp, = \/277 W/E ) ®))
where A(r) is a dimensionless parameter that reflects the
effect of plasmon—plasmon interactions, which depends on
the GNR filling factor and, in our case, on A(0.5) ~ 0.653.
For modelling the experimental plasmon dispersion law
using (4) or (5), we used the scattering rate and Fermi
energy obtained from the measured spectra with (1)—(3).
We considered the homogeneous distribution of defects,
inhomogeneities, and graphene doping levels throughout
all the arrays, as all the studied GNR arrays were fabricated
simultaneously on a single chip. This consideration was also
confirmed by the results of the Raman studies presented
above. Thus, from (2), we obtained a set of plasmon
scattering rate values for each array, whose mean and
standard deviation are v = 110 + 20 cm~!. We substituted
v with (3) to obtain the Fermi energy of each array, which
we averaged to obtain Er = 300 + 80 meV (2400 + 600
cm™!). The calculated plasmon frequencies are presented
in Table 1. The non-interacting model (4) overestimates
the plasmon frequency. We used the lowest value of the
Fermi energy within the confidence interval, Er = 220 meV
(1774 cm™1) to get closer to the experimental values. The
interacting model (5) predicted the plasmon frequency range
significantly better. However, the predicted decrease in the
plasmon frequency with an increase in the ribbon width
significantly exceeded the experimental trend (see Table |

and Fig. 3c).

EF - hzvz,

Table 1: Plasmon frequencies for various ribbon widths.
Here wp exp are experimental data, w), (4) are calculated
from (4) using the lowest possible value of Er within the
confidence interval, Er = 220 meV (1774 cm™1), Wp,(4)avd
are calculated from (5) using the mean values Er = 300 meV
(2419 cm™!) and v = 110 cm™, W, (5)exp are calculated
from (5) using the experimental values of Er and v, and
wp,Fuym are calculated using the FMM with Er = 250

meV (2016 cm™1). All frequency values are given in cm ™!,

W.nm | Wp.exp | @p.1) | @p.avd | @p.crexp | @prmm, cm”!
500 | 151 | 215 172 185 169
600 | 153 | 196 150 167 155
700 | 146 | 181 133 76 144
800 | 140 | 170 118 139 135
900 | 130 | 160 105 92 127
1000 | 132 | 152 o4 87 121

Fourier modal method.We performed full-wave electro-
magnetic simulations using the FMM [40] to describe the
behaviour of the GNR arrays theoretically, without any
specific approximations. The model structure in these
simulations consisted of a graphene layer, which was
homogeneous in the Y and Z directions and periodic in the X
direction, placed between a semi-infinite air superstrate and
SiC or SiO, substrate. The solutions to Maxwell’s equations
were obtained by expanding the electric and magnetic fields
into Floquet-Fourier harmonics and truncating the series at
101 harmonics (see Supplemental Materials for details on
the convergence of our numerical scheme).

We used the effective dielectric permittivity to in-
corporate the electromagnetic response of graphene into
these simulations. The effective permittivity was directly
derived from the surface conductivity of graphene using the
following expression:

io(w)

gg(w) =1+ eod’

(6)

where d is an artificial thickness representing the graphene
layer in the simulation, o (w) the complex surface con-
ductivity, &9 the vacuum permittivity, and w the angular
frequency. The surface conductance o (w) is the sum of the
contributions from the intraband and interband transitions

[41]:
7

The surface conductivity determined by intraband electron-
—photon scattering processes can be obtained from the
Drude model, which gives the following expression:

O—(w) = O-intra(w) + Tinter (w)

icokBT M
intra = TN l 2 h ar ~ I 8
Tintra () h(w +iv) n( o8 2kBT) ®
where Gy = 2¢?/h is the quantum conductance. The

contribution from the inter-band transition is expressed as
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follows [42]:
O'inter(w) :% [G (h%) +
Ah(w+iv) [ G(e) - Ghw/2) ;
! by / W2 (w +iv)? — 4e? R
0
where
sinh (k T)
G(e) = )

cosh ( ) + cosh (k;T) .

The dielectric response of the SiC substrate was
described by the Lorentz oscillator model for a polar crystal,
where the permittivity is given by:

w? w?
g(w) =61+ LO—T,O (10)
70— w —ilw
with €., = 6.7, longitudinal optical phonon frequency

wro = 972 cm™!, transverse optical phonon frequency

wro = 796 cm™!, and damping constant ' = 4.78 cm™?.
The dielectric function of the SiO5 substrate has been
previously expressed [43].

The results of the calculations are shown in Fig. 3d. Both
the spectral position and the shape of the plasmon resonance
peak agreed well with the experimental data. Moreover,
the plasmon dispersion calculated using the FMM better
described the experimental data than the interacting model
(5) (see Table 1 and Fig. 3d). This indicates that the FMM
provides an effective framework for modelling plasmonic
excitations in graphene structures on strongly dispersive
substrates.

Figure 4 presents the angular dependence of the ex-
tinction spectrum, as calculated using the FMM, for
GNR arrays on the (a) SiC and (b) SiO, substrates.

The positive range of the incidence angle corresponded

S - =
to the inclination in the (k,E) plane, whereas the

negative range corresponded to the inclination in the (—k),ﬁ)
plane (Fig.  4c). In both configurations, the spectral
position of the primary resonance peak exhibited a weak
dependence on the angle of incidence. This behaviour is a
property of a localised plasmonic mode, as its frequency
is predominantly determined by the geometry, intrinsic
properties of the nanostructure, and dielectric permittivity
of the surroundings, rather than by the in-plane momentum
provided by the incident wave, consistent with observations
in systems with gold nanostripes, such as Ref. [44, 45, 46].
A notable difference between the two substrates is the overall
magnitude of extinction; the peak value for the epi-G-based
structure is generally lower than that for the SiOy-based
one. Furthermore, across the entire angular range, the peak
extinction coefficients exhibited a gradual variation in both
cases. This modulation arises from the change in coupling
efficiency between the incident radiation and the plasmon
mode, as the projection of the incident wavevector and the
field polarisation are altered by the angle, thereby affecting
the excitation conditions for the localised plasmon.

The electromagnetic field distributions calculated using
the FMM for a p-polarised plane wave at normal incidence
on the GNR array are presented in Fig. 5 in the (x, z) cross
section at the resonant frequencies (170 cm ™! and270cm ™1,
respectively). The first row in Fig. 5 displays the electric
field energy density |E|?(x, z), revealing pronounced local
maxima at the edges of the graphene ribbon.  This
spatial localisation is a characteristic of dipole resonance
excited by the incident radiation. The resonance is further
elucidated using the vector field components, E, and E,
as shown in the second and third rows, respectively. Their
distributions exhibited a symmetric dipolar pattern centred
on each ribbon. Finally, the local polarisation ellipses,
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colour-coded according to the instantaneous phase of the
electric field, are shown in the last row. Despite the
different substrate permittivities (for SiC and SiOs) and
corresponding resonant frequencies, the field morphologies
in both cases were remarkably similar, indicating that the
fundamental plasmonic resonance is primarily dictated by
the geometry and properties of the graphene itself, with the
substrate acting mainly to scale the resonant frequency.
This mode consisted of two hot spots localised at the
ribbon edges. The strength of the interaction between the
two hot-spots within the same ribbon determines the extent
to which the resonance frequency depends on the ribbon
width. ~As indicated by the field distributions shown in
Fig.5, the field decays more rapidly away from the ribbon
for a higher-index substrate (a common situation for edge
or surface waves). This stronger confinement reduces the
overlap between the two edge hot spots, leading to a weaker
dependence of the peak position on the ribbon width.

Conclusion

We demonstrated that GNR arrays on SiC exhibit
polarisation-sensitive plasmon resonances with a weak
period dependence, by contrast to CVD graphene on SiO,
substrates. Thus, the GNR composed of epi-G provided
a robust platform for plasmonic devices requiring high
spectral stability. The theoretical model of the GNR in
epi-G supports our experimental observations.

The extinction spectra calculated using the FMM
accurately reproduced the spectral position and the line
shape of the plasmon resonance. These results demonstrate
that the FMM provides a reliable theoretical framework for
describing plasmonic excitations in graphene structures on
strongly dispersive substrates. The findings highlighted the
crucial role of the substrate in determining the plasmonic
properties of graphene nanostructures and provided new
perspectives for designing of tuneable plasmonic and
photonic devices based on epitaxial graphene on SiC.
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Materials and methods
Sample fabrication. The fabrication of GNR arrays from
epi-G involved the following steps: first, the GNR pattern
was defined in a photoresist mask using optical lithography.
The pattern was subsequently transferred onto the graphene
layer via oxygen plasma etching. After etching, the
remaining resist was removed by dissolving in acetone,
leaving only the GNR array on the SiC substrate. The GNR
chip design is composed of a 5 X 5 matrix of arrays oriented
in two mutually perpendicular directions. The size of each
array was 1 x 1 mm?2, and the spacing between neighbouring
patterns was 0.7 mm. A 0.05 mm thick support step was
fabricated along the edge of the chip around the matrix of
GNR patterns.
FTIR measurements. We performed spectral measure-
ments using an FTIR spectrometer (Bruker IFS 125HR)
in the radiation transmission mode with a resolution of 8
cm~!. The sample chip was mounted on a diaphragm with
a hole diameter of 0.5 mm facing the incident radiation,
and the distance to the surface of the diaphragm was 0.05
mm; thus, the light passed entirely through the GNR array
being measured. We used a helium-cooled Si bolometer as
a detector to achieve the required plasmon fitting signal-to-
noise ratio in the spectral window of interest (50 cm™! to
700 cm™!). We mounted a metal-grid linear polariser with
a polarisation purity exceeding 99% over the full spectral
range in front of the diaphragm, which allowed setting the
polarisation direction arbitrarily.
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