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Abstract: In the last two decades, interest in graphene has grown extensively due to its extraordinary
properties and potential for various applications such as sensing and communication. However,
graphene is intrinsically a semimetal with a zero bandgap, which considerably delays its use where a
suitable bandgap is required. In this context, quasi-one-dimensional counterparts known as graphene
nanoribbons (GNRs) have demonstrated sizeable bandgaps and versatile electronic properties, which
make them promising candidates for photonic and plasmonic applications. While progress has
recently been made toward the synthesis of GNRs, theoretical models to envisage their electronic and
optical properties have been restricted to ab initio approaches, which are not feasible for wide systems
because of the large number of atoms tangled. Here, we use a semi-analytical model based on Dirac
cone approximation to show the adjustable electronic and plasmonic characteristics of wide and exper-
imental GNRs, both freestanding and non-freestanding. This approach utilizes the group velocity of
graphene, which is calculated using density functional computations (vg = 0.829 x 10® m s71), as the
primary input. Importantly, our research reveals that at the terahertz level, the plasmon-momentum
dispersion is highly responsive to changes by varying the ribbon width or charge carrier concentra-
tions, the other involved parameters can be manipulated by setting values from experiments or more
sophisticated predictions. In particular, this model can replicate the electronic properties of GNRs
on Ge(001) and GNRs on Au(111). From the plasmonic side, the plasmon spectrum of graphene
microribbon arrays of 4 um wide on Si/SiO, and GNR arrays on Si are found in good agreement
with experiments. The potential use of GNRs in sensing molecules such as chlorpyrifos-methyl is
also discussed. Chlorpyrifos-methyl is chosen as the test molecule because it is a commonly used
insecticide in agriculture, but its high toxicity to organisms and humans makes it a concern. It
has been established that the plasmon resonances of all the studied GNRs occur at the same fre-
quency as chlorpyrifos-methyl, which is 0.95 THz. Our findings can serve as a useful guide for
future experiments.

Keywords: graphene nanoribbons; DFT; semi-analytical framework; THz

1. Introduction

Graphene is a planar sheet of sp?>-bonded carbon atoms tightly packed into a honeycomb-
like lattice [1,2]. The carbon atoms form a two-dimensional (2D) hybridized network with
three nearest neighbors, each at a distance of about 1.420 A, leaving one unhybridized half-
filled p-orbital [3], perpendicular to the graphene plane for every carbon atom. Since 2004 [4],
graphene has been the subject of significant research and development, due to its extraordinary
electronic, mechanical, thermal, and optical properties [5]. Indeed, graphene has shown a
lot of promise for the replacement of silicon-based electronic devices [6]. However, as-found
graphene is gapless and cannot be used immediately in up-to-date semiconductor technology
because this carbon nanomaterial needs current on/off ratios. Consequently, a great deal of
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effort is the opening of a bandgap in graphene without significantly affecting its exceptional
properties, particularly, its high electron mobility.

Within this frame of reference, several chemical methods have been proposed, for
instance, the oxidation-reduction of graphite to produce graphene derivatives that show
optical bandgaps larger than 2 eV [7] or graphenes from microwave-derived carbon pre-
cursors for energy savings of up to 60% [8]. These graphene derivatives have the potential
for environmental applications [9], advanced composite, and smart (multifunctional) eco-
composites [10-12] with applicability in future nanodevices [13,14]. Alternatively, a sizable
bandgap can be opened up through the quantum confinement effect by patterning graphene
in the form of graphene nanoribbons (GNRs) [15,16]. GNRs are thin and elongated strips
with straight edges. As the ribbon width decreases, GNRs can gradually transform from
semimetals to semiconductors [17]. As an example, a bandgap of about 100 meV is ex-
pected for a ribbon of 10 nm, whereas a ribbon of width ~2 nm would have a bandgap
of about 1 eV. From a piece of important evidence, Fei Z et al., [18] have reported the
successful preparation of GNR samples with widths of w = 155, 270, 380, and 480 nm.
Most importantly, based on nano-infrared images, the authors showed the existence of two
plasmon modes in experimental GNRs organized as 2D periodic arrays: the conventional
surface plasmon and a novel confined (edge) plasmon. Both plasmon modes have been
theoretically confirmed in ultra-narrow GNR systems working in the reciprocal space by
an ab initio method [19-21].

Plasmons are oscillations of valence electrons on the surface of various materials such
as metals, semiconductors, and topological insulators that occur collectively [22]. These
collective oscillations can be utilized to control and focus optical energy on a nanometer
scale. This is due to the strong interaction between these oscillations and light [23]. In
particular, plasmons in graphene reveal high confinement, electrostatic tunability, and
long lifetimes [24]. These plasmon features are promising for photonic applications from
the terahertz- to the infrared regime. Additional control over surface plasmons has been
observed in graphene nanoribbons (GNRs) because of (i) the change in dimensionality
from 2D graphene to 1D graphene ribbons and (ii) the confinement of charge carriers [20].
This extra control is expected to be more significant than that of edge plasmons, which is
dependent on the bandgap of the GNR [19]. These unique plasmonic properties of GNRs
could be utilized to enhance current biosensors that utilize surface plasmon resonance and
graphene [25-30].

Previous studies [31,32] have mainly used Time-Dependent Density Functional Theory
(TDDEFT) within the Random Phase Approximation (RPA) to investigate the plasmonic
properties of ultra-narrow GNR arrays (<2 nm). However, this atomistic approach is not
suitable for GNRs of the widths reported in Ref. [18]. In this work, we use an alternative
method to examine the electronic and plasmonic properties of experimental GNRs. The
proposed semi-analytical model [33] is based on the group velocity of graphene, which is
calculated using density functional theory (DFT), as the main input. Both freestanding and
non-freestanding systems are considered. We show that the plasmon frequency in wide
GNRs is highly sensitive. Additionally, we explore the possibility of using it for sensing
chlorpyrifos-methyl. The reason it was picked as the test molecule is that it is widely
used in crops as an insecticide, but its harmful effects on living beings and humans raise
concerns. Our results can guide the design of future nanodevices based on graphene.

2. Theoretical Framework

It is worth emphasizing that the current modeling approach focuses on the electronic
and plasmonic properties of GNRs with widths that have been experimentally observed
(w =155, 270, 380, and 480 nm) [34,35]. The semi-analytical model is composed of two steps:

(i) Numerical computations using DFT to obtain an accurate group velocity of graphene.
(ii) Analytical expressions derived mainly from the Dirac cone approximation [33] to
investigate the related electronic and plasmonic features.
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2.1. DFT Computations

The ground-state properties of graphene were determined by plane-wave DFT com-
putations within the Kohn-Sham formalism implemented in the Abinit software [36].
Electronic structure calculations were performed at the level of local density approximation
(LDA) [37] using norm-conserving pseudopotentials to eliminate the core electrons [38].
The plane-wave basis is represented by the space functions:

PWicig(r) = Qg /2 0H0)T (1)

where k is the wave vector in the first Brillouin zone (I'KM path) (Figure Sla), G is the
reciprocal-lattice vector, and () is the unit-cell volume.

The number of plane waves was limited by the energy-cutoff |k + G|/2 < 25 hartrees
(~680 eV). The three-dimensional periodicity required by plane-wave DFT was created
by repeating the graphene sheets with a distance of 15 A. Structural optimization was
not taken into account in this case as the lattice constant was fixed at 2.460 A (the case
of ideal graphene). The ground-state calculations were carried out using a '—centered
and unshifted Monkhorst-Pack grid [39] of 90 x 90 X 1 to obtain the complete band
structure and density of states (DOS) of graphene (Figure S1b,c), including up to 20 bands.
Additionally, a high-resolution Monkhorst-Pack grid of 720 x 720 x 1 was used to obtain
the linear band structure of graphene around the K point (Figure S2a), including up to
eight bands.

A close picture of the band structure (Figure S1b) shows that graphene exhibits the
well-known Dirac cone structure at the K point within £0.8 eV around the Fermi energy (Er)
(see Figure S2a). In a simple visual perspective of the density of states (DOS) (Figure Slc)
as a function of the energy, one can notice that the two peaks closest to Er correspond
to the 7w and 7* flat band dispersion at the M point. The other intense peaks are not
relevant to the present study since our work is restricted to the Dirac cone. Accordingly,
the Monkhorst-Pack grid of 720 x 720 x 1 allows for estimating the limits of Dirac cone
approximation and the average charge carrier velocity (vg, group velocity) of graphene.
The latter is the key input parameter of the semi-analytical modeling approach.

By using the high-resolution Monkhorst-Pack grid, the group velocity of graphene
was found to be vg = 0.829 x 10° m s~!, which is the average value obtained by linear
fitting of the highest valence band (vg_, = 0.827 x 10° m s~1) and the lowest conduction
band (Vp_n+ = 0.832 x 106 m s~ 1) concerning the magnitude of the wave vector around the
K point (Figure S2a). Figure S2b confirms the (quasi) linear variation of the group velocity
of graphene for selected values of energy band dispersion. It should be noted that for large
values of the wave vector, the band dispersions are anisotropic as a result of the flat band
dispersion of the 7t and 77* bands (2 eV).

Even though, if the value of the wave vector gets closer to the dispersion at the K point,
the energy band dispersion of the 7w band (Figure S2c) and 7v* band (Figure S2d) deviates
slightly from a linear behavior of charge carrier velocity (dashed rectangular regions). This
significant finding displays the limit of applicability of the present modeling approach to
study, i.e., the semi-analytical model works in an energy range of 0.2 eV or about 50 THz.

2.2. Semi-Analytical Model: Estimating the Electronic Properties

As proposed by Popov et al. [33], the linear band dispersion of charge carriers in
graphene (near the Fermi energy and around the K point) is the foundation of the semi-
analytical model. The group velocities of the 7t electrons and 77* holes can be obtained
by linear fitting of the related band dispersions vs. the crystal momentum (discussed in
Section 2.1). However, in the Dirac cone approximation, the electron band dispersion (E) is
determined as [40]:

E = +vg|p| @)

where the +sign represents the 7*—upper band and m—lower band, and p is the crystal
momentum denoted as p = h(k — I'K) (7 is the reduced Planck constant).
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In contrast, in GNRs, several (sub)bands (E;;) appear because the quasi-one-dimensional
charge carrier confinement in a rectangular (thin) strip whose band structure is described

by [41,42]:
/ 2
A ZPH
2
E,=%+ S\ + A (3)

where A is the corresponding bandgap,  is the 1D band-index number (n = 1,2,3,...) p)
is the parallel wave vector to the direction of the GNR, and m* remains as the effective
electron mass.

It is worth noting that Equation (3) illustrates, at the I" point in GNRs, a parabolic band
dispersion in the eV scale for narrow-width GNRs (e.g., <10 nm) (Figure Sle) whereas a
linear and (quasi) gapless band dispersion is observed for sufficiently wide-width GNRs
(e.g., 2100 nm) (Figure S1f). As the ribbon width increases (w — o) the structural con-
formation and band structure of graphene are recovered. Therefore, wide enough GNRs
(Figure S1d) are expected to display graphene-like properties. It is important to note that,
in wider GNRs, the effect of the basal plane is more significant than the effect of the edges,
while in narrower GNRs, the edges (specifically, whether they are armchair or zigzag
edges) are more prominent. In particular, Yang et al. [17] have experimentally shown that
the transport properties of graphene are significantly impacted when the ribbon width is
<57 nm. In the present study, we examine systems that are up to eight times wider than
this threshold, ensuring the validity of the proposed model.

The bandgap of GNRs can be calculated by using the group velocity of graphene and
the ribbon width (w) as the input. The equation for this calculation is given as:

_ 27TVFﬁ
T w

A @)
Otherwise, the effective electron mass can be determined by using the estimated
bandgap and group velocity of graphene, according to the following equation:

. A

m = —
2
2vg

©)

2.3. Semi-Analytical Model: Describing the Plasmonic Properties

It has been observed experimentally that, in 2D GNR arrays, the plasmon wavelength
follows the sample length, which is much larger than the distance between adjacent ribbons
and the widths [18]. Interestingly, even though single GNRs can be asymmetric, 2D GNR
arrays that are wide enough can be viewed as well-defined 2D planes where the group
velocity of graphene can be used to study the plasmonic properties of these systems.
With this in mind, the following approach can be used to obtain the plasmon frequency-
momentum dispersion [33]:

27e? N 2
w = Re l\/ﬂeem*w%osm - UZ 2 (6)

2

e is the well-known electron charge,

Npp is the 2D electron density,

€ is the dielectric constant,

q represents the reciprocal wave vector,

8 represents the plasmon excitation angle,
v is the electron relaxation rate.

Additionally, if 2D GNR arrays are unsupported (freestanding case) or supported
(non-freestanding case), the plasmonic properties can be described by recalculating the
effective electron mass (m*) with the corresponding group velocity of graphene, as reported
in [43].
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Otherwise, the parameters of Equation (6), i.e., 8, v, and N>p, can be easily manipu-
lated by changing their values or adapting experimentally. From a theoretical notion or
experimental side, N>p can also be extracted from the concept of the Fermi level (Er) [44],

as follows:
EF = ﬁVF\/ 27TN2D (7)

now, for an intrinsic semiconductor, Er is found in the middle of the bandgap, i.e., the
number of electrons and holes are the same, giving the following expression:

EtE kT ()

Er 2 2 N.

®)

where N, is the effective DOS in the conduction band, Nj, is the effective DOS in the valence
band, E. is the conduction band edge, E, is the valence band edge, kp is Boltzmann’s
constant, and T is the absolute temperature.

Hereafter, by the combination of Equations (7) and (8), Equation (6) can be expressed in
terms of the needed Fermi level shift as well as the desired temperature. In the present case,
we focus only on 2D electron density (Nop) values that are experimentally feasible [33,45]. The
equations described so far (Equations (2)—(8)) show a clear dependence on the group velocity
of graphene, which cannot be chosen arbitrarily (e.g., vi ~ 10® m s~!), but must be accurately
determined (e.g., by DFT computations as in this work) or measured experimentally.

It is necessary to emphasize that for large values of damping, the radicand in Equation (6)
becomes negative, i.e., surface plasmons are absent or shifted to large momenta. Hence,
this effect can be understood in terms of the complex (macroscopic) dielectric function [46]

denoted as: ,

e qw)
Equation (9) states that the existence of a plasmon is determined by zeros in the real

part of the frequency range where the imaginary part is small or zero. If this condition is
not met, only single-particle excitations can be found instead of collective excitations.

eM(qrw) = )

2.4. Semi-Analytical Model: Showing the Plasmon Spectrum

Lastly, the plasmon spectrum (the maximum of the plasmon peak) for selected g values
can be attained by means of the conventional approach of the spectral line profile using a
Lorentzian function, as follows [47]:

1

L=— 1
1+ x2 (10)

where, L is the standard Lorentzian function fixed to a maximum value of 1, and x is an
auxiliary (dimensionless) variable denoted as:
2(w — wy)
=—" 11
x= 20 an
here, wy represents the transition frequency of the maximum (THz), w is the frequency
(energy) range of interest, and W is the full width at half maximum (FWHM). The W
parameter was set to 0.5 for all spectra unless otherwise stated.
At that point, the plasmon spectrum can be plotted by rearranging Equations (10) and (11) as:

1
L= 4(w7w0)2 (12)

1+ W2

Four important facts should be highlighted:

(i) Lorentzian line function describes the form of a spectroscopical feature corresponding
to a frequency (energy) change in ions, molecules, atoms, or now 2D GNR arrays [48].
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(i) The units of w, wp, and W are typically wavenumbers (for absorption spectra) or
frequency (for lifetime spectrum of collective excitations) [49]. In the present study,
the last entry is used, that is, in terms of frequency, in what we call the plasmon
spectrum or maximum of the plasmon peak.

(iii) The maximum of the plasmon peak could be delayed due to core-electron excitations
which are not taken into account in the Lorentzian function [50].

(iv) The plasmon structure is not expected to be a straightforward Lorentzian peak, but

the approach used is useful in clearly showing the control of surface plasmons in 2D
GNR arrays.

3. Results and Discussions
3.1. Electronic Properties of Freestanding GNRs

Based on Equation (4) and v = 0.829 x 10° m s~!, Figure 1 shows the bandgap (A)
as a function of ribbon width ranging from 0.4 to 2.7 nm (ultra-narrow GNRs, Figure 1a)
and from 15 to 90 nm (wide GNRs, Figure 1b). The prediction given from 1 to 6 eV by the
semi-analytical model (red curve) is in agreement with the predictions of the sophisticated
GW approximation for different types of GNRs (3p+1, 3p, and 3p+2) [51]. It is important to
keep in mind that the edges (armchair or zigzag edges) of the nanoribbon play a crucial role
in determining the bandgap for ultra-narrow GNRs. These edge effects cannot be taken
into account explicitly by the simplified model of Equation (4), but the semi-analytical
model provides a reasonable prediction for nanoribbons greater than 1 nm, particularly for
3p+1 and 3p families. As mentioned above, edge (atomistic) effects start to be negligible as
the ribbon width increases (>60 nm [17]), going from an ultra-confinement on very narrow
ribbons to a quasi-confinement on sufficiently wide ribbons. This statement is further
confirmed since the bandgap changes dramatically from the eV scale down to a few meV,
as discussed below.

a) T T T T b) O T T T T
| u 3p+1 i 0.30 ) - P1 ]
6 . A-3p A Ei
— 5} g=opte o e OE5F S pa .
> — Semi-analytical > — Semi-analytical
L 2 020} |
o 4T ] 2 '
m - -
53l 13 0.15
= S 010}
g 2| 1 &°°T ¢
' 005} v
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Figure 1. Bandgap vs. the ribbon width. The semi-analytical approach is compared with the results
obtained by (a) the GW approximation for diverse types of GNRs and (b) experimental results
(P1-P4 denotes different datasets).

Figure 1b compares the prediction of the semi-analytical model (red curve) with the
experimental bandgap values (<300 meV) of different GNRs (P1-P4 refers to four different
datasets [42]). The predicted bandgaps are consistent across GNRs with widths down to
20 nm. From 20 to 40 nm, the smooth prediction of the semi-analytical model cannot capture
the steep dropoff of about 60 meV compared to experiments. Interestingly, the dropoff is
reduced to ~25 meV from 40 to 70 nm and as low as 10 meV at 90 nm. While the semi-
analytical model may not perfectly match experimental results, it is important to stress that
it is not practical to use ab initio methods for electronic properties of wide nanoribbons, as
their widths are in the range of tens of nanometers. Additionally, the discrepancy between
the model and experiments is expected to be minimal (or non-existent) for experimental
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nanoribbons (>155 nm), making the present modeling approach suitable for the GNR
systems reported in Ref. [18].

The bandgap of experimental GNRs with widths of 155, 270, 380, and 480 nm are shown
in Figure 2 and Table 1. The bandgaps are found to be very small, in the range of a few meV,
and the effective electron masses are in agreement with previous studies (Table 1) [42,51]. The
semi-analytical model predicts a decrease in bandgap as the ribbon width increases, which is
consistent with the experimental results and earlier theoretical reports.

40 —— ==
=
/' =
30 j \ =
a
S 20
S
C
o
10
480 nm
v, =0.829x10°m s’
0
100 200 300 400 500

Ribbon width (nm)

Figure 2. Bandgap vs. the ribbon width of experimental GNRs. The blue line represents a prediction
for bandgaps in GNRs with widths ranging from 100 to 500 nm. Figure inset shows 2D periodic
arrays of experimental GNRs (adapted with permission of Ref. [18]).

Table 1. Bandgap and electron effective mass of experimental GNRs estimated by the semi-analytical
model. The free-electron mass is symbolized as 1 .

Ribbon Width (nm) Bandgap (meV) Effective Mass (m”) x mg
155 2212 2.83 x 1073
270 12.70 1.63 x 1073
380 9.02 1.16 x 103
480 7.14 091 x 1073

Figure S3 shows the band structure and DOS of experimental GNRs. The band
structure is obtained by applying Equation (3) with the bandgap and effective mass values
shown in Table 1. Nine sub-bands (n = 9) below/above the Fermi level are introduced,
i.e., nine valence and nine conduction sub-bands. It is worth mentioning that the band
structure for each graphene nanoribbon is constructed using the same effective mass for all
bands. However, when examining plasmonic properties, only the first conduction band
and last valence band (1 = 1) are considered.

The band structure and DOS of the experimental GNRs differ from those of graphene,
regardless of the ribbon width. Specifically, a bandgap opening in a few meV is observed at
the I' point, with a parabolic-like band dispersion on a small energy scale and strong peaks
in the DOS near the Fermi level. In contrast, graphene has a linear band dispersion at the
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K point and no DOS at the Fermi level (Figure S1b,c). In GNRs, this bandgap opening is
a direct result of the quasi-one-dimensional confinement of charge carriers, which makes
all GNRs semiconducting materials. As stated, the systems under study have very small
bandgaps (Table 1), suggesting that they could have plasmonic responses in the terahertz
range, which indeed is the range of many photonic and plasmonic applications [52].

Otherwise, the current semiconductor technology requires bandgaps around 1 eV
(such as silicon ~1.1 eV), in which case, narrow-wide GNRs are the best choice. As an
example, using Equation (4), vi = 0.829 x 10 m s~! (freestanding case), and w = 2.7 nm
(experimentally observed width in GNRs on Ge(001) [53]), the corresponding bandgap is
1.27 eV, slightly above the experimental value (~0.9 eV) detected by scanning tunneling
spectroscopy (STS) measurements [53].

It is well known that the group velocity of graphene is reduced up to 40% by interacting
with germanium or other substrates (non-freestanding case) [15,43]. Keeping this in mind,
Figure 3 displays the band structure of experimentally realized GNR on Ge(001) (2.7 nm
wide) for different percentage decreases in the group velocity of graphene estimated by
LDA-DFT (vg = 0.829 x 10° m s~ 1) (see Table 2). Surprisingly, a perfect agreement between
the theoretical and experiment bandgap can be observed at a 30% decrease in the group
velocity, i.e., Azpy, = 0.88 eV.

1.0
0%

0.5} Aw%
— 20%
>
Q > A30%
% v
_8100*88 —————— —_ - — — — — A
2 o
o
faa)

-0.5

-1.0

0.5 1.0 15
Wave vector (A7)

Figure 3. Band structure of experimental realized GNR on Ge(001), considering different percentage
decreases (0%, 10%, 20%, 30%) in the group velocity of graphene. The parameters were fixed as:
w=27nmandn = 1.

Table 2. Bandgap of experimentally realized GNR of 2.7 nm width as a function of the percentage
decrease in the group velocity.

\43 VF Bandgap (meV)
0 0.829 1.27
10 0.746 1.14
20 0.663 1.02
30 0.580 0.89

40 0.497 0.76
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Furthermore, Ruffieux et al. [54] have reported the fabrication of armchair graphene
nanoribbons about 1.5 nm wide on Au(111) with a bandgap of 2.3 eV, an effective electron
mass of 0.21 my, and group velocity of 0.82 x 10° m s~1. These results were obtained by
angle-resolved photoelectron spectroscopy and scanning tunneling spectroscopy. Interest-
ingly, using the experimental bandgap and ribbon width, the semi-analytical model esti-
mates values practically equal to those observed experimentally (vg = 0.809 x 10® m s~!
and m* = 0.27my).

The agreement between the experiments and predictions, despite not explicitly taking
into account edge effects or other factors (such as passivation, structural disorder, or charge
at the edges), confirms that the semi-analytic model is suitable for describing the electronic
properties of GNRs.

3.2. Electronic Properties of Non-Freestanding GNRs

As demonstrated, Equation (4) can be used to determine the bandgap of wide nanorib-
bons on various substrates by changing the substrate and using the corresponding group
velocity of graphene, as discussed in the previous section. Indeed, Hwang C. et al., [43]
measured the group velocity of graphene on quartz (G/Quartz), hexagonal boron nitride
(G/BN), and silicon carbide (G/SiC). Another piece of evidence came from cyclotron mass
in graphene device (G/SG) [55], massless relativistic particles (Popov) [33], and LDA-DFT
limit (DFT). In this context, we also suggest the growth of experimental (wide) GNRs on
this type of substrates, whose predicted bandgap values are shown in Figure 4. Regardless
of the substrate, the bandgap values are less than 100 meV and these values decrease as the
ribbon gets wider.

80 L@ ®v . =297x10°ms’
® Vl \‘(».‘(Juulfl)=2.48x.l()6m s
. OV, p=14910°ms!
e - Ve @o=1-15X10°m s
60 NN Vi (pope=100X10°M 57
' ® Vv ,,,=083x10°ms’
>
U
E *
& a0l g
o Yoo e’
> SR -
o \ ®-.
] o~ .
5 2 . *-.. e
0.
20} ¢
i
® e - @
L 3 —§=
100 200 300 400 500
w (nm)

Figure 4. Bandgap variation as a function of the ribbon width. Experimental GNRs
w = 155, 270, 380, 480 nm) are considered taking into account the group velocity of graphene on
various substrates. Dashed curves indicate the bandgap for GNRs from 100 to 500 nm wide.

Interestingly, for high values of v, a large bandgap opening is observed, particularly,
in GNRs of 155 nm wide. Such bandgap opening corresponds to a 71% increase in quartz,
50% in boron nitride, and 33% in silicon carbide, from the related values predicted by using
LDA-DFT computations. Even an increase of 20% is observed compared to the massless
relativistic approach. These results constitute the first observation of the dependence on
the charge carrier velocity at a fixed ribbon width. This dependence allows achieving, by a
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smart choice of supporting substrate, the desired bandgap for a particular application in
graphene-based electronic devices.

3.3. Comparison of Semi-Analytical Model with Previous Reports

Before delving into the specific plasmonic properties of the nanoribbons (freestanding
and non-freestanding), we first demonstrate the effectiveness of the proposed model by
comparing it to previous studies. Unfortunately, there is a lack of experimental evidence
for plasmonic properties in the THz frequency range considered here (<50 THz), the 2D
GNR arrays under study, and even more importantly in the reciprocal space. To overcome
this limitation, we compare the semi-analytical model with more sophisticated modeling
approaches, such as TDDFT+RPA (Figure 54) [19] and finite-difference time-domain (FDTD)
(Figure 5b) [56], which are commonly used and have demonstrated outstanding agreement
between theory and experiment. In addition, the semi-analytical model is tested with
results reported for graphene microribbons (Figure 5a) [57].

@ (b)
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N w »
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Figure 5. (a) Maximum of the plasmon peak (<15 THz) at momentum g = 100.6 cm~!. The semi-
analytical model (black curve) is compared with the data of Ref. [57] (red points) for graphene
microribbon arrays of 4 um wide. Figure inset shows the entire plasmon frequency dispersion up
to g = 200 cm~!. (b) Maximum of the plasmon peak (<5 THz) at momentum g = 2050 cm .
The semi-analytical model (black curve) is compared with the predictions of Ref. [56] (red points)
for GNR arrays of 10 nm wide. Figure inset shows the entire plasmon frequency dispersion up to
q = 3500 cm 1.

Interestingly enough, Ju et al. [57] have explored the plasmon excitations in engi-
neered graphene microribbon arrays deposited on Si/SiO,, demonstrating the tunability of
plasmon resonances over a broad THz frequency range by changing the ribbon width and
electrostatic doping. For example, for one of the scrutinized systems with the following pa-
rameters reported: w = 4 pum, g = 100.06 cm !, m* ~ 1.3 x 10~*my, a doping concentration
of Nop = 1.5 x 1033cm ™2, and electron mobility of 1000 cm2/Vs (v=28.71x 1013 s_l);
the maximum of the plasmon peak is found at 3 THz. The semi-analytical model has accu-
rately reproduced this result with a minor deviation of only 0.20 THz within the frequency
range of 1 to 6 THz (Figure 5a, the spectra were normalized by the respective peak values
for convenience of comparison). Moreover, the starting plasmon frequency dispersion is
shifted to larger values of momenta (g > 80 cm 1) (see Figure 5a inset).

On the other hand, in Ref. [56], the authors propose the fabrication of 2D arrays
of GNRs of 10 nm wide on Si substrates for THz polarizer surface plasmons by using
viable conditions such as: m* = 0.28my, Nop = 4.33 x 10'® cm~2, and assuming the
maximum electron mobility (v = 0). The plasmon response predicted by FDTD was found
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in the frequency range from 1.81 to 3.81 THz with the maximum of the plasmon peak at
3.75 THz. By setting these parameters in the semi-analytical model, the plasmon spectrum
predicted by the semi-analytical model is found in excellent agreement at g = 2050 cm 2
(Figure 5b, the spectra were normalized using the corresponding maximum values to
facilitate comparison). Forbidden plasmon regions are absent in the plasmon frequency
dispersion (Figure 5b inset).

From the ab initio side, in Ref. [19], the authors reported that freestanding and narrow
armchair GNRs arranged as 2D periodic arrays have an effective electron mass of 0.36my.
By directly establishing this value in Equation (6), which in fact is independent of the
group velocity of graphene at that point, a perfect agreement between both approaches can
be observed in the plasmon frequency-momentum dispersion for a change in the Fermi
level (doping) of up to 0.3 eV (Nap = 3.67 x 102 cm~2, orange curve). For higher values
of doping (0.4 eV, purple line), a discrepancy is observed. All these results allow us to
demonstrate the reliability of the semi-analytical model and can be used to describe the
plasmonic properties of 2D GNR arrays of interest.

A final remark, while the semi-analytical model accurately predicts the experimental
results, it is important to note two important facts: (i) in practice, the non-freestanding
GNRs will be supported by two anchors and may vibrate mechanically, altering their
phonon structure, and (ii) nearby materials could affect the electric or magnetic fields
generated. Hence, the simplified model does not take into account these factors, so caution
should be taken during experiments to avoid inconsistencies. This can be achieved through
proper gating voltage selection or adjusting the electric field applied to w, which is given
as E(w) = Epexp(—iwt).

3.4. Plasmonic Properties of Non-Freestanding GNRs

Now, Figure 6 shows the plasmon frequency-momentum dispersions of 2D GNR
arrays from 155 to 480 nm and subject to different group velocities. The parameter of
Equation (6) (Nop = 1.0 X 102 em™2, v = 1.0 x 10® 57!, and @ = 0) have been fixed
based on experimentally feasible values [33,45]. As observed, the plasmon trends follow
a \/q—like dispersion from 0 to 10,000 cm~!. This plasmon dispersion is characteris-
tic of 2D materials [55]. More importantly, by increasing the value of vy, the plasmon
frequency increases.
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Figure 6. Frequency—momentum dispersion as a function of the plasmon momentum, consider-
ing the group velocity of graphene on various substrates for 2D GNR arrays of (a) w = 155 nm,
(b) w = 270 nm, (c) w = 380 nm, (d) w = 480 nm.
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For an illustrative example, at the end of the sampled momentum (g = 10,000 cm '), an
increase of ~9 THz is observed for 2D GNR arrays of 155 nm wide (Figure 6a), considering
the group velocity of graphene obtained by LDA-DFT computations (vg = 0.829 x 10 ms~!,
blue curve) and that obtained from graphene on quartz (v = 2.482 x 10° m s~!, orange
curve). Similarly, an increase of almost 13 THz is detected for 2D GNR arrays of 270 nm wide
(Figure 6b), 16 THz for 2D GNR arrays of 380 nm wide (Figure 6¢), and 20 THz for 2D GNR

arrays of 480 nm wide (Figure 7d).

(a) q=”100 cm’!
I

w=155nm
v.=2973x10°ms™!

v,=1.487x10°m ™'

v.=1.149x10°ms
x1

v,=0.829x10°m s

w/2mn (THz)
(d) g=100 cm™

w=480 nm

w/2m (THz2) w/2m (THz)

Figure 7. Maximum of the plasmon peak (<5 THz) at plasmon momentum g = 100 cm~!, considering
the group velocity of graphene onto various substrates for 2D GNR arrays of (a) w = 155 nm,
(b) w = 270 nm, (c) w = 380 nm, (d) w = 480 nm.

By implementing Equation (12) at § = 100 cm ™!, Figure 7 demonstrates the control-
lability and tunability of the plasmon response of 2D GNR arrays by varying the group
velocity of graphene as well as the ribbon width: w = 155 nm (Figure 7a), w = 270 nm
(Figure 7b), w = 380 nm (Figure 7c), and w = 480 nm (Figure 7d). Interestingly, it can be
seen that keeping momentum fixed (i.e., ¢ = 100 cm~') while varying the ribbon width
and the charge carrier velocity, the maximum of the plasmon peak is found at higher fre-
quencies, suggesting that the effect of group velocity is more critical in wider nanoribbons.
To clarify this fact, for w = 155 nm and freestanding cases (blue curves), the maximum of
the peak is almost at 0.9 THz (Figure 7a) while for w = 480 nm, the maximum of the peak
is observed at almost 1.4 THz (Figure 7d). On the contrary, for graphene on quartz (orange
curves), the maximum of the plasmon peak is observed at almost 2 THz (Figure 7a) for
w = 155 nm, and at almost 3.5 THz for w = 480 nm (Figure 7d). From these results, it is
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noticed a percentage variation of up to 35% and 43% in the position of the maximum of the
plasmon peak, in each case respectively.

3.5. Plasmonic Properties of Freestanding GNRs: The Effect of Ribbon Width (w)

The results discussed in the previous sections allow us to understand the versatility of 2D
periodic arrangements of GNRs (i.e., 2D GNR arrays) by changing the supporting substrate
and ribbon width, which can be exploited in the design of novel nanophotonic devices.

In what follows in the article, we focus on the freestanding cases and parameters such
as 2D electron concentration (doping) (Nzp). While the parameters of Equation (6) can be
varied trivially, the goal is to be able to use this simple model with parameters that can be
fixed and measured in experiments. In this context:

e The manipulation of the plasmon excitation angle (6) in 2D GNR arrays is impera-
tive to obtain the surface plasmon resonance and the related sensitivity. However,
Equation (6) must be used with caution since, at # = 90, the radicand becomes zero.
More importantly, the properties and features of oblique plasmons can be scrutinized.

e In conductivity-related phenomena, charge carrier mobility plays an important role
in the electronic and plasmonics properties of any system. Thus, high-charge carrier
mobility is commonly observed in defect-free graphene samples, whereas charge
carrier mobility is significantly reduced in graphene samples with high concentrations
of defects. From the experimental part, this effect depends on the synthesis process.
From the theoretical part, in Equation (6), this fact is introduced by the electron
relaxation rate ( v), taking into account the following statement: a high value of v is
connected with a low charge carrier mobility, and vice-versa.

e 2D electron concentration (N;p) (or 2D charge carrier density) can be controlled by
injecting or ejecting electrons, i.e., by either doping the GNR system or by gating
voltages. The latter technique is of particular interest because it can be varied in a
reasonable range up to Nop = 5.0 1012 em—2 [42].

Before discussing the effect of the 2D electron concentration (Section 3.6), we probe
a little into the effect of ribbon width in freestanding cases. Figure S5a displays the
plasmon frequency—-momentum dispersion of 2D GNR arrays for w = 155 nm (blue curve),
w = 270 nm (cyan curve), w = 380 nm (green curve), and w = 480 nm (red curve). Again,
the important fact is the increase in the plasmon frequency with increasing ribbon width.
To further evidence the tunability of plasmon response, Figure S5b shows the maximum of
the plasmon peak at § = 1000 cm~!. Specifically, the peak position is found at 3.35 THz for
w = 155 nm, at 4.34 THz for w = 270 nm, at 5.26 THz for w = 380 nm, and at 5.91 THz for
w = 480 nm.

Figure S5¢ shows the percentage variation in plasmon frequency for three different
testing momenta (g = 100, 1000, 10, 000 Cm_l). Although it is observed that increasing
the ribbon width also increases the plasmon frequency, it can be noted that this effect is
independent of momentum, resulting in a constant trend in plasmon frequency rate in
all cases, that is, ~25% from 155 to 270 nm, ~16% from 270 to 380 nm, and ~11% from
380 to 480 nm. A close view of Figure S5¢ shows a slight variation at 100 (black marker),
1000 (red marker), and 10,000 (blue marker) cm~!, because the width increment from 155
to 270 nm results in a percentage variation of 25.36%, 24.38%, and 26.16%, respectively.
Additionally, it can be noticed that the plasmon frequency rate can be described with a
decreasing exponential function, which suggests that as the ribbon width increases, the
effect on the plasmon frequency dispersion is gradually minor. The decreasing behavior of
the plasmon frequency rate can be corroborated by inspecting more values of g.

3.6. Plasmonic Properties of Freestanding GNRs: The Effect of 2D Charge Density (Nop)

The parameters in Equation (6) can be easily adjusted by any researcher, but the
goal is to use the model with experimental results or those obtained from more advanced
predictions (such as TDDFT + RPA [19] and FDTD [56]). This study aims to provide a
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practical guide for describing the sensitivity and detection of surface plasmons in real-world
situations, at least in rough approximation.

Based on the measurements of Ref. [45], three different 2D charge carrier concentra-
tions are used (Nop = 1.0 x 102 em ™2, Nop = 2.0 X 1012 em ™2, and Npp = 4.0 x 102 cm™2)
(Figure 8a—d). Regardless of the ribbon width, increasing the value of Npp also significantly
increases the plasmon frequency. This plasmon frequency increases by up to almost 40 THz
(Figure 8d) which is much greater than that observed if only the ribbon width is increased
(Figure S5a), i.e., approximately twice in magnitude. The entire frequency-momentum
dispersion is below 21 THz for w = 155 nm (Figure 8a), 27 THz for w = 270 nm (Figure 8b),
33 THz for w = 380 nm (Figure 8c), and 40 THz for w = 480 nm (Figure 8d). Note that the
largest increase in plasmon frequency is achieved at Nop = 4.0 x 102 cm~2 (red curves).
It is also detected that the plasmon dispersion starts at zero frequency and zero momen-
tum, that is, forbidden plasmon regions are unexpected to occur. If the plasmon response
needs to be shifted to large values of g, high values of plasmon excitation angle or electron
relaxation rate can be introduced (separately or combined) in Equation (6), for instance, at
6 =80and v =4.0x 108 s,
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Figure 8. Frequency—momentum dispersion as a function of the plasmon momentum using the
charge carrier velocity of freestanding graphene (vg = 0.829 x 10° m s~!) for the experimental 2D
GNR arrays of (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, (d) w = 480 nm. (e) Maximum of the
plasmon peak (<40 THz) at plasmon momentum g = 1000 cm~ L, considering different ribbon widths.
(f) Percentage variation in plasmon frequency rate as a function of the ribbon width increment, for
three selected plasmon momenta (g = 1000, 5000, 10,000 cm™ ).
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Figure 8e clearly shows the controllability and tunability of the maximum of the
plasmon peak for a fixed momentum (g = 1000 cm~!) and at the highest value of 2D
charge carrier concentration (N;p = 4.0 x 10'2 em~2). The maximum is found at 6.72 THz
for w = 155 nm (blue curve), at 8.87 THz for w = 270 nm (cyan curve), at 10.53 THz
for w = 380 nm (green curve), and at 11.83 THz for w = 480 nm (orange curve). In
general, the plasmon frequency end is detected at 21.26 THz (w = 155 nm), 28.06 THz
(w = 270 nm), 33.29 THz (w = 380 nm), and 37.42 THz (w = 480 nm). These results fall
below the limit of the semi-analytical model used here and are anticipated to match future
experimental findings.

Figure 8f shows that the plasmon frequency rate is not affected by the variation of
the ribbon width for testing momenta (g = 1000, 5000, 10, 000 cm1). As result, one can
note a constant trend in the plasmon frequency rate in all cases, that is, ~24% from 155 to
270 nm, ~16% from 270 to 380 nm, and ~11% from 380 to 480 nm. Additionally, it has been
confirmed that the plasmon frequency rate can be represented by a decreasing exponential
function, indicating that as the ribbon width increases, its impact on the plasmon frequency
dispersion becomes progressively smaller.

4. Chlorpyrifos-Methyl Sensing

We now explore the potential application of 2D GNR arrays in molecular sensing
(Figures 9 and 10 and Table 3). Chlorpyrifos-methyl is an insecticide that is widely used to
control insect pests on various crops, but it is highly toxic to organisms and humans. When
exposed to it, negative impacts on the nervous system can occur, including headaches,
dizziness, and nausea. Research has connected chlorpyrifos-methyl to developmental
problems in children, such as decreased IQ and attention deficit disorders. Given these
concerns, numerous nations have taken action to restrict or prohibit the utilization of
chlorpyrifos-methyl [58,59]. Therefore, effective detection and removal methods are crucial.
From a chemical perspective, chlorpyrifos-methyl has a benzene ring with perpendicular
7t electrons that are likely to interact directly with the perpendicular 7t electrons of the
GNRs via 7t — 7t interactions. Additionally, this molecule has a resonance plasmon peak at
0.95 THz [60]. These types of molecules are often detected in water [59], but water has a
strong THz absorption at 1 THz [61]. In this context, materials with resonance peaks within
the range of water frequency absorption significantly enhance the interaction between
incident THz waves and target molecules, making them useful for sensing proteins, nucleic
acids, and cells.

Peak position @ 0.95 THz
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Figure 9. (a) Frequency-momentum dispersion as a function of the plasmon momentum using the
charge carrier velocity of freestanding graphene (vg = 0.829 x 10° m s~ 1) for the experimental 2D
GNR arrays (w = 155,270, 380,480 nm). (b) Maximum of the plasmon peak at 0.95 THz as a function
of the plasmon momentum for the same systems.
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Figure 10. Dispersion of the maximum of the plasmon peak (<2 THz) with FWHM = 5 for
(a) w = 155 nm by considering different momenta from 75 (blue curve) to 100 cm! (purple curve),
and (b) w = 480 nm by considering different momenta from 25 (blue curve) to 35 cm™! (orange curve).

Table 3. Position of the maximum of the plasmon peak at 0.95 THz for the experimental 2D GNR
arrays analyzed.

Ribbon Width (nm) Peak Position (cm—1)
155 94.2
270 54.1
380 38.5
480 30.5

Figure 9a shows that 2D GNR arrays can effectively serve as a sensing platform
for detecting chlorpyrifos-methyl molecules by using a specific setting, for example:
Nop =25x102 cm 2,0 =0,and v = 2.24 s~ L. All the analyzed cases (w = 155 nm, black
curve; w = 270 nm, blue curve; w = 380 nm, red curve; w = 480 nm, green curve) have the
necessary THz response. It is worth noting that high values of the electron relaxation rate
(v) and charge carrier concentration (N;p) are used, which implies two important facts:

(i) The use of v = 2.24 s~ ! is justified by the possibility of using GNRs with a high

concentration of defects, such as oxidized graphene ribbons [62].

(ii) Itis assumed that the interaction between the 2D GNR array and the chlorpyrifos-
methyl molecule through 7w — 7t interactions will cause a transfer of charge (doping)
from the molecule, which validate the use of Nop = 2.5 x 1012 cm™2.

Additionally, in Figure 9a, small forbidden plasmon regions are detected at 4 < 80 cm™*
for w = 155 nm and at § < 40 cm ™! for w = 270 nm. In the remaining two cases
(w = 380 nm and w = 480 nm), the forbidden regions appear at 4 < 20 cm~!. Thus, as the
ribbon width increases, the momentum range for which the plasmon does not exist shrinks,
indicating that for w — oo, the plasmon dispersion resembles the results of 2D graphene
(i.e., THz = 0 and g = 0). Additionally, the plasmon frequency dispersion increases as the
ribbon width increases, reaching nearly 6 THz at g = 300 cm ! and w = 480 nm (green
curve, Figure 56). Importantly, Figure 9b shows that while all 2D GNR arrays have plasmon
responses at 0.95 THz, these resonance modes shift to lower values of g as the ribbon
width increases. The same shift has been observed in experimental graphene microribbons
ranging from 1 to 4 um [57]. For example, in Table 3, for w = 155 nm, the peak position
at 0.95 THz is at § ~ 94 cm~! (black curve) whereas for w = 480 nm the peak position is
at g ~ 30 cm~! (green curve). Using 2D GNR arrays with a larger range of ribbon widths,
THz resonance from 0.1-1 THz can be straightforwardly engineered.
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Subsequently, Figure 10 depicts the presence of plasmon resonances in 2D GNR
arrays with widths of 155 nm (Figure 10a) and 480 nm (Figure 10b), respectively. These
resonance modes are found in the same frequency of water (1 THz) at ¢ ~ 99 cm~! for
w = 155 nm (orange curve) and g ~ 30 cm ™! for w = 480 nm (brown curve). In the context
of plasmonic-organic molecule interactions, it is worth mentioning that the interaction
between the plasmonic wave and organic molecules can cause changes in the signal that
is generated. In particular, this interaction can cause changes in the resonance frequency
of the plasmon modes detected in the analyzed 2D GNR arrays, leading to modifications
in the optical signal observed here (for water or chlorpyrifos-methyl). The precise nature
of these signal modifications depends on the specific details of the interaction between
the plasmonic wave and the organic molecule, further including the size and shape of the
molecule, its electrical properties, and its position relative to the incident plasmon wave.
Understanding these interactions is an important area of plasmonics research and has
immediate applications in fields such as biosensing, photonics, and optoelectronics as well
as the design of novel graphene-based biosensors.

5. Conclusions

In summary, we used a semi-analytical approach, which takes into account the Dirac
cone approximation and the group velocity of graphene (vg = 0.829 x 10° m s~!) to
examine the electronic and plasmonic features of GNRs with widths that match those of
actual samples (155, 270, 380, and 480 nm). Both freestanding and non-freestanding models
were considered. The band structure and bandgap were evaluated in the range of a few
meV to eV. Plasmon resonances were evaluated in the frequency range below 50 THz.

From the viewpoint of electronic properties, this modeling approach reasonably re-
produces the bandgaps of experimental samples (>20 nm wide) and values predicted by
sophisticated GW approximation (with widths from 1.5 to 2.7 nm). Moreover, it is possible
to match the experimental bandgap (~0.9 eV) of GNRs (10 nm wide) on Ge(001) at a 30%
decrease in the group velocity of graphene estimated by LDA-DFT computations as well
as the effective electron mass (m* = 0.27mg) of GNRs (~1 nm wide) on Au(111). With this
evidence, this work demonstrated that the bandgaps of the systems under examination
(>155 nm) range from 7 to 22 meV. These bandgaps values can be increased by increasing
the group velocity of graphene when it is supported on various substrates such as quartz,
and hexagonal boron nitride, among others.

Considering the plasmonics side, this work is restricted to the analysis of the effect of
changing the group velocity of graphene, ribbon width, and charge carrier concentration
(doping). Other parameters such as plasmon excitation angle, electron mobility, temper-
ature, and Fermi level shift can be scrutinized by simple modification of these values in
Equation (6). Specifically, the semi-analytical model reproduced the experiment of graphene
microribbons of 4 um wide organized as 2D periodic arrays, finding the maximum of the
plasmon peak at 3.20 THz for g = 100.06 cm ! as well as the predictions of GNRs of 10 nm
wide on Si with the maximum of the plasmon peak at 3.75 THz for 4 = 2050 cm~!. For
the systems under study, the plasmon frequency dispersion rises as the group velocity
of graphene increases. The plasmon frequency further increases by increasing the ribbon
width or the charge carrier concentration up to about 50 THz for 4 = 10, 000 cm~ L. The
decay of the plasmon frequency rate suggested that as the ribbon width grows, the effect
on the plasmon frequency dispersion became gradually minor.

The potential application of the systems considered was discussed in terms of molecu-
lar sensing of chlorpyrifos-methyl, which is a highly toxic pesticide for organisms and hu-
mans. By setting the following parameters: Nop = 2.5 x 10'2cm™2,60 = 0,and v = 22457},
all the analyzed cases displayed plasmons resonances at the same frequency of chlorpyrifos-
methyl (0.95 THz) and water (1 THz), suggesting that 2D GNR arrays are excellent platforms
for the design of novel biosensing devices.

Although this modeling approach has some restrictions, such as its frequency range of
use and its failure to explicitly consider the effects of sample passivation, ribbon edges, and
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disorder, it still demonstrates good agreement with previous experiments and predictions.
This semi-analytical model is therefore useful as a preliminary step in determining the
theoretical electronic and plasmonic properties of viable samples of graphene or graphene-
related ribbons.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cryst13020311/s1. Figures S1-S6.
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