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Abstract: Surface-plasmon-based biosensors have become excellent platforms for detecting biomolec-
ular interactions. While there are several methods to exciting surface plasmons, the major challenge is
improving their sensitivity. In relation to this, graphene-based nanomaterials have been theoretically
and experimentally proven to increase the sensitivity of surface plasmons. Notably, graphene nanorib-
bons display more versatile electronic and optical properties due to their controllable bandgaps in
comparison to those of zero-gap graphene. In this work, we use a semi-analytical approach to
investigate the plasmonic character of two-dimensional graphene nanoribbon arrays, considering
free-standing models, i.e., models in which contact with the supporting substrate does not affect
their electronic properties. Our findings provide evidence that the plasmon frequency and plasmon
dispersion are highly sensitive to geometrical factors or the experimental setup within the terahertz
regime. More importantly, possible applications in the molecular detection of lactose, α-thrombin,
chlorpyrifos-methyl, glucose, and malaria are discussed. These predictions can be used in future
experiments, which, according to what is reported here, can be correctly fitted to the input parameters
of possible biosensors based on graphene nanoribbon arrays.

Keywords: graphene; graphene nanoribbons; surface plasmons; semi-analytical model

1. Introduction

Plasmons are coherent and collective oscillations of valence electrons on the surface of
conducting or semiconducting materials as well as topological insulators (e.g., gold, silver,
Cu2-XS, and Bi2Te3) [1]. Interestingly, these collective oscillations are characterized by a
strong interaction with light and a small spatial extension compared with the wavelength
of light [2]. A point to highlight is the fact that the control over the spectral and spatial
properties of these oscillations has attracted a huge amount of attention due to their
applications in ultrasensitive detection down to the single-molecule level [3], enhanced
photovoltaics [4], cancer therapy [5], and nonlinear optics [6], among others. Mostly,
surface plasmons in metals (solid specimens) show a low level of control of the plasmon
frequency and a small plasmon propagation length which can be solved by using metal
nanoparticles [7]. In this context, novel nanomaterials have been investigated; for instance,
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graphene (a two-dimensional (2D) honeycomb carbon material [8–10]) has emerged as a
powerful plasmonic nanomaterial [11–13], increasing the number of potential applications,
mainly, in surface plasmon resonance biosensors (e.g., graphene-based prism-coupled
biosensors [14], graphene-based fiber-coupled biosensors [15], graphene-based grating-
coupled biosensors [16], graphene-based nanoparticle-coupled biosensors [17], graphene-
based plasmon-coupled emission biosensors [18], and surface-enhanced Raman-scattering
biosensors [19]).

Surface plasmons in graphene offer several advantages over metals; for instance, (i)
these collective oscillations are found in the terahertz-to-midinfrared frequency range, and
(ii) the charge carrier concentration in graphene can be tuned by doping, which enables the
electrostatic control of its electronic and optical properties [20]. Specifically, two plasmon
excitations have been observed in graphene at low energies (< 1 eV): a 2D (surface) plasmon
and an acoustic plasmon [21,22]. It is worth noting that plasmon-enhanced infrared optical
absorption based on 2D materials such as graphene is considered a promising spectroscopic
technique for detecting vibrational modes in biopolymers, such as proteins, nucleic acids,
and synthetic polymers [23,24].

An extra tunability of the 2D surface plasmon by direct optical excitation has been
observed in graphene nanoribbons (GNRs). GNRs are quasi-one-dimensional structures
with two different possible chiral-edge geometries at the atomistic scale (i.e., ultra-narrow
systems), namely zigzag or armchair [25,26]. Nevertheless, the chiral-edge effect disappears
with increases in the ribbon width. GNRs have different electronic and optical properties
than pristine graphene; for instance, graphene is a gapless material, while all GNRs are
semiconducting materials with bandgaps from few meV to eV [27].

Plasmons in wide GNRs have been experimentally measured, demonstrating the
existence of a 2D surface plasmon and a new edge plasmon [28]. The latter arises as an
effect of the charge carrier confinement due to the dimensionality change from 2D to 1D
and the boundary conditions. From the technological point of view, the tunability of the 2D
surface plasmon is expected to be predominant over the edge plasmon [29,30]. In order to
minimize electron scattering and obtain the best plasmonic properties, GNRs organized
as 2D periodic arrays [28,29] have been proposed as excellent platforms for plasmonic
applications. Such ribbon systems have been experimentally realized by Fei et al., with
ribbon widths of 155, 270, 380, and 480 nm [28]. In the literature to date, there have been no
theoretical reports on the plasmon behavior in these 2D GNR arrays. Previous theoretical
studies have explored plasmons in ultra-narrow GNR arrays (< 2 nm), mainly by time-
dependent density functional theory (TDDFT) within the random phase approximation
(RPA) [29]. Nevertheless, this atomistic approach cannot be used to handle the vast number
of atoms involved in wide GNRs (> 100 nm wide).

Recently, we have described a modeling approach based on a semi-analytical
model [31–33], which with the accurate estimation of the charge carrier velocity of graphene
can be used to scrutinize the electronic and plasmonic properties of narrow and wide GNR
arrays. To our knowledge, this semi-analytical model has not been adapted to prove the
plasmon frequency dispersion and plasmon excitation lifetime in 2D GNR arrays of widths
such as those reported in Ref. [28]. Here, such a study is reported with a quasi-freestanding
approach, for instance, suspended GNR systems onto the surface of honeycomb boron
nitride. Particularly, we demonstrate that the plasmonic properties in wide GNRs are highly
sensitive to the ribbon width change or the experimental setup. Although experimental
confirmation is needed, our predictions are expected to be of immediate help in the design
of future biosensors based on 2D GNR arrays.

2. Theoretical Framework

Even though we do not propose a biosensor as such, this work aims to demonstrate
the sensitivity and tunability of the surface plasmons in 2D GNR arrays that can be tailored
into more complex biosensor structures for a specific demand. This fact is discussed in
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detail in Section 4, considering possible applications in the molecular sensing of lactose,
α-thrombin, chlorpyrifos-methyl, glucose, and malaria.

With this in mind, we briefly proceed to describe the theoretical framework of the
semi-analytical model, which is divided into two parts: (i) numerical computations based
on density functional theory (DFT) to calculate the charge carrier velocity of graphene;
and (ii) analytical expressions to obtain the electronic and plasmonic features of wide 2D
GNR arrays (Figure 1a). The complete theoretical description is given in Ref. [33] (and
references inside) and the step-by-step approach to estimate the charge carrier velocity
(Fermi velocity) of graphene is given in Ref. [31].
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Figure 1. Schematic representations: (a) freestanding 2D GNR array; (b,c) the band dispersion
around the Γ point ( k→ 0 ) of a hypothetical ultra-narrow and wide GNR, respectively, for n = 1
The ribbon width is denoted as w, the vacuum distance between contiguous ribbons is denoted as
d− w, q is the wave vector along the GNR direction, and θ is the angle for different orientations of
the plasmon momentum.

2.1. Semi-Analytical Model

Popov et al. [33] asserts that owing to the quasi-one-dimensional confinement of the
charge carriers in GNRs, several sub-bands (En) with a bandgap (∆) can be observed, in
which the (electron/hole) band dispersion can be described as [34,35]:

En = ±∆
2

√
n2 +

2p2
‖

m∗∆
(1)

where n is the sub-band index (n = 1, 2, 3, . . .), p‖ is the parallel momentum along
the GNR direction, and m∗ is the effective electron mass. The bandgap can be estimated
as follows:

∆ =
2 π vF }

w
(2)
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where vF is the charge carrier velocity, w is the ribbon width, and } is the reduced Planck
constant. Now, the effective electron mass can be calculated by:

m∗ =
∆

2 v2
F

(3)

Notably, for ultra-narrow GNRs, Equation (1) displays a parabolic band structure and
bandgap opening around the Γ point (Figure 1b), and this band dispersion changes to a
linear behavior, with ∆→ 0 , with increases in the ribbon width, w→ ∞ (Figure 1c), simi-
larly to the graphene band dispersion around the K point (Figure 2a). Hence, wide GNRs
organized as 2D periodic arrays are expected to show electronic and optical properties
similar to those of graphene.

Chemosensors 2022, 10, x FOR PEER REVIEW 5 of 25 
 

 

The Fermi velocity of charge carriers in graphene was estimated by DFT computa-
tions at the level of the local density approximation (LDA) [37]. To do this, the following 
input parameters were fixed: a cut-off energy of ~680 eV, an out-of-plane distance of 15 Å 
to cancel out the unphysical interactions along the 𝑧-direction between replicas, a C-C 
bond length of 1.420 Å with a lattice constant of 2.460 Å, and a dense Monkhorst-Pack 
grid of 720 × 720 × 1. For details, see Ref. [31]. 

Figure 2 shows the DFT-LDA band structure (Figure 2a) and density of states (DOS) 
(Figure 2b) of graphene from −20 to 15 eV. Special attention should be paid from −1 to 1 
eV (Figure S2a), in which the graphene band structure shows a linear electron dispersion 
around the K point, and as a consequence, the Dirac cone approximation can be applied. 
While the Fermi velocity also follows a linear behavior in the same energy-momentum 
range (Figure S2b, Table S1), a closer view demonstrates that the valence band (𝜋, blue 
line, Figure 2c) and conduction band (𝜋∗, red line, Figure 2d) deviate slightly from the 
linear behavior of the charge carrier velocity (see rectangular dashed regions), suggesting 
that the semi-analytical model, which is based on the Dirac cone approximation, is valid 
from −0.3 to 0.2 eV, i.e., about 50 THz.  

 
Figure 2. (a) Band structure and density of states (DOS) of graphene computed by density functional 
theory (DFT). Color density plots (b,c) for the π and π* bands in the vicinity of K point vs. the charge 
carrier velocity, respectively. Adapted from Ref. [31]. 

As stated, the charge carrier velocity (v୊) of graphene was calculated in [31], whose 
average value was found to be v୊ = 0.829 × 10଺ m s−1, which is the average charge carrier 
velocity between the conduction (𝜋∗) band and valence (𝜋) band. 

3. Results and Discussions 
3.1. Electronic Properties 

In Figure 3, we show the bandgap (Δ) calculated by Equation (2) (using two different 
charge carrier velocities: v୊ = 0.829 × 10଺ m s−1 [31] (blue markers) and v୊ = 1.0 × 10଺ 

Figure 2. (a) Band structure and (b) density of states (DOS) of graphene computed by density
functional theory (DFT). Color density plots (c,d) for the and bands in the vicinity of point vs. the
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It is worth noting that the estimated values of the bandgap (Equation (2)) and effective
mass (Equation (3)) depend substantially on the input values of the ribbon width (i.e., m∗∆)
and the charge carrier velocity, which are reported in Tables S2 and S3.

From the point of view of plasmonics, the plasmon wavelength is expected to follow
the sample length instead of the vacuum distance between the contiguous ribbons or the
ribbon width, which allows us to conclude that GNR arrays can be taken as regular
2D planes (Figure S1) in which the charge carrier velocity of graphene is the critical
free parameter that must be estimated (discussed below) to be introduced in the present
modeling approach. Hence, with the suitable vF value, the plasmon dispersion relation can
be calculated by following the strategy of Ref. [33]:
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ω = Re

[√
2 π e2 N2D

ε m∗
qcos 2θ − v2

4
− i

v
2

]
(4)

where e represents the electron charge, N2D represents the 2D electron density, ε represents
the dielectric constant, q represents the reciprocal wave vector, θ represents the angle
created along the plasmon wave vector and GNR direction, and v represents the electron
relaxation rate. We point out that the real part of Equation (4) is taken to obtain the plasmon
frequency dispersion.

To acquire the plasmon spectrum (i.e., plasmon excitation lifetime) for selected q
values of the systems under study, a conventional Lorentzian line shape function (L) set to
a maximum value of 1 can be used as follows:

L =
1

1 + 4(ω−ωo)

W2

(5)

where ωo is the transition frequency/energy at the specific q value (peak position) (Tables S4,
S6, S8, and S10), ω is the frequency/energy range of interest, and the capital W is the full
width at half maximum (FWHM). The latter was fixed to the value of 0.5 for all plasmon
spectra.

It is important to note that the plasmon response is not expected to be a simple
Lorentzian peak; however, we use this approach to clearly show the controllability and
tunability of surface plasmons in 2D GNR arrays. Furthermore, the maximum of the
plasmon peak could be delayed as an effect of core-electron excitations [36], which is not
strictly considered in the proposed model. Delayed maxima have been observed in metals,
such as Nb, Mo, and Ag, suggesting that this effect might be predominant in supported
(non-freestanding) 2D GNR arrays.

2.2. Estimation of the Charge Carrier Velocity

The Fermi velocity of charge carriers in graphene was estimated by DFT computations
at the level of the local density approximation (LDA) [37]. To do this, the following input
parameters were fixed: a cut-off energy of ~680 eV, an out-of-plane distance of 15 Å to
cancel out the unphysical interactions along the z-direction between replicas, a C-C bond
length of 1.420 Å with a lattice constant of 2.460 Å, and a dense Monkhorst-Pack grid of
720 × 720 × 1. For details, see Ref. [31].

Figure 2 shows the DFT-LDA band structure (Figure 2a) and density of states (DOS)
(Figure 2b) of graphene from −20 to 15 eV. Special attention should be paid from −1 to
1 eV (Figure S2a), in which the graphene band structure shows a linear electron dispersion
around the K point, and as a consequence, the Dirac cone approximation can be applied.
While the Fermi velocity also follows a linear behavior in the same energy-momentum
range (Figure S2b, Table S1), a closer view demonstrates that the valence band (π, blue line,
Figure 2c) and conduction band (π∗, red line, Figure 2d) deviate slightly from the linear
behavior of the charge carrier velocity (see rectangular dashed regions), suggesting that the
semi-analytical model, which is based on the Dirac cone approximation, is valid from −0.3
to 0.2 eV, i.e., about 50 THz.

As stated, the charge carrier velocity (vF) of graphene was calculated in [31], whose
average value was found to be vF = 0.829× 106 m s−1, which is the average charge carrier
velocity between the conduction (π∗) band and valence (π) band.

3. Results and Discussions
3.1. Electronic Properties

In Figure 3, we show the bandgap (∆) calculated by Equation (2) (using two dif-
ferent charge carrier velocities: vF = 0.829 × 106 m s−1 [31] (blue markers) and vF =
1.0× 106 m s−1 [33] (orange markers), for the experimentally realized GNRs (155, 270, 380,
480 nm wide [28]).
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Figure 3. Bandgap (∆) as a function of the ribbon width (w). Markers represent the GNR systems under
study and the continuous line is the fitting curve using Equation (2). The numerical values of the bandgap
and effective mass are calculated using two different charge carrier velocities: vF = 0.829 × 106 m s−1

(blue markers) and vF = 1.0 × 106 m s−1 (orange markers) and reported in Tables S2 and S3.

As observed, regardless of the charge carrier velocity, the bandgap decreases as the
ribbon width increases as expected. Nevertheless, it is important to note that the electronic
properties can be over- or underestimated and therefore also the optical properties of the
systems under study.

Particularly, the bandgap values of the experimental GNRs are of the order of a few
meV (Tables S2 and S3); however, these numerical results differ by about 20%, suggesting a
similar result for the plasmon properties. With this in mind, in the remainder of the article,
we focus on the electronic and plasmonic properties of GNR arrays using the previously
estimated Fermi velocity of vF = 0.829× 106 m s−1, which in fact is in good agreement
with previous measures [38].

GNRs 155, 270, 380, and 480 nm wide are characterized by very small bandgaps in
the order of a few meV (Table S2): w155 = 22.12 meV, w270 = 12.70 meV, w380 = 9.02 meV,
and w480 = 7.14 meV. The blue and orange curves predict the bandgap for GNRs from
100 to 500 nm wide. The estimated effective electron masses are in good agreement with
those previously reported [35,39]. To emphasize, an ab initio treatment of these wide
nanoribbons is impractical due to the vast number of atoms, demonstrating the advantage
of the semi-analytical model.

In Figure 4, we show the band structure and DOS of the GNR systems of interest. The
band structure is calculated by Equation (1) with the corresponding bandgap values and
effective electron masses reported in Table S2 and considering a sub-band index of n = 9
(nine valence sub-bands (blue curves) and nine conduction sub-bands (black curves)). The
DOS is calculated from the energy-momentum data list by using a conventional histogram
with equal bin widths. Note that the band structure of the GNRs is illustrated assuming
the same effective electron mass (m∗) for all bands; however, the plasmonic properties of
these are restricted to the two (π, π∗) bands at the Fermi level in which the charge carrier
velocity of graphene is calculated (Section 2.2).
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the experimental realized ribbon widths: (a) 155 nm, (b) 270 nm, (c) 380 nm, and (d) 480 nm. Blue
and black curves represent the valence and conduction states, respectively.

From Figure 4, two important facts can be observed: (i) there is a direct bandgap at
the Γ point; and (ii) there are several sub-bands within ±30 meV created by increasing the
ribbon width, originating from strong peaks in the DOS around the zero-energy region
(Fermi level, dashed black line), unlike graphene whose linear band dispersion yields a
vanishing DOS at the Fermi level (Figure 2b).

As is evident, the band structure and DOS of GNRs differ from those of graphene
(Figure 2a,b) regardless of ribbon width since 1D sub-bands and the bandgap opening
arise due to the charge carrier confinement. Then, all GNRs are predicted to be semicon-
ducting materials with the π (highest occupied) sub-band and π∗ (lowest unoccupied)
sub-band having parabolic-like band dispersions around a small gap at the Γ point (e.g.,
see Figure 1b).

3.2. The Effect of Ribbon Width on the Plasmonic Properties

As stated, previous works on 2D GNR arrays have demonstrated the existence of two
plasmon excitations: the surface plasmon and the edge plasmon [28,29]. In addition, Yan H
et al. [40] have proved the coupling between plasmon resonances in graphene micro-rings,
which could also be expected for 2D GNR arrays. However, Fei Z. et al. [28] confirmed
well-defined and well-separated plasmons resonances, particularly, for GNRs wider than
200 nm. Additionally, Vacacela Gome et al. [29] have demonstrated that the coupling
between the surface and edge plasmon resonances is a direct effect of doping, i.e., for larger
doping values, N2D ∼ 4.0× 1012 cm−2 (∼ 0.3 eV), the coupling and hybridization begin
to appear. With this in mind, the proposed model here can reasonably be used for future
experiments. On the other hand, from point of view of biosensors, the surface plasmon
is the most interesting because its plasmon frequency relation and plasmon response can
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be controlled by gating or doping working on the THz scale, which in turn, is the most
interesting regime of the plasmonic applications of graphene-based biosensors [41].

Before discussing the plasmonic properties of the freestanding systems in detail, it is
important to note that it has been shown that the charge carrier velocity in graphene can be
modulated by changing the supporting substrate [38], which should indeed substantially
affect the electronic and plasmonic properties of 2D GNR arrays. The latter is confirmed in
Figure S3. These outcomes require detailed and extensive work.

Figure 5 shows the plasmon frequency dispersion of the experimentally realized
GNRs [28] organized as periodic 2D arrays (Figure S1) with ribbon widths ranging from
155 to 480 nm. Based on the experimental setup reported in Ref. [39], the parameters of
N2D = 1.0× 1012 cm−2, ν = 1.0× 1013 s−1, and θ = 0 are fixed.
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In Figure 5, The plasmon frequency trend follows a
√

q-like dispersion regardless
of the ribbon width. Indeed, this plasmon trend has been observed in well-defined 2D
materials, confirming the viability of the semi-analytical model to analyze the plasmonic
properties of 2D GNR arrays. Another important result is the fact that increasing the
ribbon width increases the plasmon frequency, for instance, from 10.63 THz (w = 155 nm,
blue line) to 18.71 THz (w = 480 nm, red line) at the end of the sampled momentum
(q = 10, 000 cm−1) (Table S4). To further explore this fact, the plasmon spectra for selected q
values are reported in Figure 6a–c and Table S4. In particular, for q = 100 cm−1 (Figure 6a),
the maximum plasmon response shifts from 1.03 THz (w = 155 nm, blue curve) to 1.85 THz
(w = 480 nm, red curve), for q = 1000 cm−1 (Figure 6b), from 3.35 THz (w = 155 nm,
blue curve) to 5.91 THz (w = 480 nm, red curve), and for q = 10, 000 cm−1 (Figure 5d),
from 10.63 THz (w = 155 nm, blue curve) to 18.71 THz (w = 480 nm, red curve). The
percentage variation in plasmon frequency, as the ribbon width increases, appears to be
slightly affected by the value of q (see Figure 6d and Table S5).
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Figure 6. (a) Plasmon excitation lifetime (≤4 THz) for different ribbons widths at q = 100 cm−1.
(b) Plasmon excitation lifetime (≤10 THz) for different ribbons widths at q = 1000 cm−1. (c) Plasmon
excitation lifetime (≤20 THz) for different ribbons widths at q = 10,000 cm−1. (d) Percentage vari-
ation in plasmon frequency by increasing ribbon width for three different q values (q = 100, 1000,
10,000 cm−1). The parameters of Equation (4) have been fixed as: N2D = 1.0 × 1012 cm−2, θ = 0,
v = 1.0 × 1013 s−1, and vF = 0.829 × 106 m s−1. The plasmon spectra were calculated using the
Lorentzian line shape function to a maximum value of 1 with FWHM = 0.25.

3.3. The Effect of Excitation Angle on the Plasmonic Properties

We now focus on the effect of the excitation angle. Figure 7 shows the plasmon
frequency dispersion by taking different directions for the excitation wave vector: θ = 0,
θ = 60, and θ = 80, and different ribbon widths: w = 155 nm (Figure 7a), w = 270 nm
(Figure 7b), w = 380 nm (Figure 7c), and w = 480 nm (Figure 7d). For comparison, we
fix N2D = 1.0× 1012 cm−2 and ν = 1.0× 1013 s−1. Again, the plasmon frequency trend
follows a

√
q-like dispersion regardless of the excitation angle. The important finding is the

fact that there is a momentum range for which no plasmons are allowed to exist.
As a notable example, at θ = 80 (red lines), no plasmons are detected at q < 1200 cm−1

for w = 155 nm, at q < 700 cm−1 for w = 270 nm, at q < 500 cm−1 for w = 380 nm, and at
q < 400 cm−1 for w = 480 nm. Therefore, as the ribbon width increases, the momentum
region for which the plasmon does not exist shrinks, suggesting that for w→ ∞ , the
plasmon dispersion recovers the results of graphene, i.e., THz = 0 and q = 0. Additionally,
it is observed that the plasmon frequency increases by changing the ribbon width. Indeed,
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for the case of w = 155 nm (Figure 7a, black line), the entire frequency–momentum
dispersion is about 20 THz, whereas, for the case of w = 480 nm (Figure 7d, black line) the
entire plasmon dispersion is about 35 THz.
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Figure 7. Plasmon frequency dispersion (ω/2π) vs. wave vector (q) (using N2D = 1.0× 1012 cm−2,
ν = 1.0× 1013 s−1, and vF = 0.829× 106 m s−1) for different orientations of plasmon momentum
(θ = 0, 60, 80) with different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, and
(d) w = 480 nm.

To further highlight the effect of the excitation angle at θ = 80, the plasmon spectra for
selected q values (from 1000 to 10,000 cm−1) and different ribbon widths are reported in
Figure 8 and Table S6. Notably, no plasmons are detected at q = 1000 cm−1 for w = 155 nm
(see Table S6, Figure 7a). The plasmon excitation peak is found from 1.05 to 3.43 THz for
w = 155 nm (Figure 8a), from 0.87 to 4.65 THz for w = 270 nm (Figure 8b), from 1.31 to
5.58 THz for w = 380 nm (Figure 8c), and from 1.60 to 6.30 THz for w = 480 nm (Figure 8d).
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Figure 9a–c show the plasmon spectra at 𝜃 = 80 for 𝑞 = 2000, 5000, 10,000 cm−1 as 
a function of the ribbon width. From these results, we provide evidence for the sensibility 
of the plasmon response by increasing the ribbon width and showing that the plasmon 
peak mainly shifts to higher values of frequency in all cases. On the other hand, Figure 9d 
and Table S7 exhibit the greatest effect of the combination of the excitation angle and rib-
bon width occurring at small 𝑞 values, say, 𝑞 = 2000 cm−1 (Figure 9d, black curve). In 
fact, the plasmon frequency increases by ~40% for GNR arrays from 155 nm to 270 nm 
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For the other values of 𝑞 a similar situation is observed but with a lower percentage var-
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Figure 8. Plasmon excitation lifetime (ω/2π ≤ 7 THz) (using θ = 80, N2D = 1.0 × 1012 cm−2,
ν = 1.0× 1013 s−1, and vF = 0.829× 106 m s−1) for selected q values from 1000 to 10,000 cm−1, with
different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm. The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.25.

Figure 9a–c show the plasmon spectra at θ = 80 for q = 2000, 5000, 10, 000 cm−1 as a
function of the ribbon width. From these results, we provide evidence for the sensibility of
the plasmon response by increasing the ribbon width and showing that the plasmon peak
mainly shifts to higher values of frequency in all cases. On the other hand, Figure 9d and
Table S7 exhibit the greatest effect of the combination of the excitation angle and ribbon
width occurring at small q values, say, q = 2000 cm−1 (Figure 9d, black curve). In fact, the
plasmon frequency increases by ~40% for GNR arrays from 155 nm to 270 nm wide, by
~22% from 270 nm to 380 nm wide, and by ~14% from 380 nm to 480 nm wide. For the
other values of q a similar situation is observed but with a lower percentage variation (red
and green curves).
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Figure 10, by changing the electron relaxation rate (𝜈) due to a high 𝜈 value being con-
nected with a higher density of defects, hence, a low charge carrier mobility. As an exam-
ple, an electron relaxation rate of 𝜈 = 1.0 × 10ଵଷ s−1 corresponds to an electron mobility 
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In this context, the sensitivity of the plasmon frequency dispersion is investigated 
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Figure 9. Plasmon excitation lifetime (≤ 7 THz) at (a) q = 2000 cm−1, (b) q = 5000 cm−1, (c) q =

10, 000 cm−1; considering different ribbons widths (155, 270, 380, and 480 nm). (d) Percentage
variation in plasmon frequency by increasing ribbon width for three different q values (q = 2000,
5000, 10, 000 cm−1). The parameters of Equation (4) have been fixed as: N2D = 1.0× 1012 cm−2,
θ = 80, ν = 1.0× 1013 s−1, and vF = 0.829× 106 m s−1. The plasmon spectra were calculated using
the Lorentzian shape function to a maximum value of 1 with FWHM = 0.25.

3.4. The Effect of Relaxation Rate on the Plasmonic Properties

Regarding the experimental part, the preparation process of graphene produces sam-
ples with different defects, such as sp3-defects, vacancy-like defects, and edge-type de-
fects [42]. These defects can also be found in wide GNRs which are expected to modify their
electronic and optical properties [43]. In line with the present work, high carrier mobility
is usually observed in defect-free samples but as the density of the defects increases, the
charge carrier mobility is reduced. This fact is precisely what we proceed to examine in
Figure 10, by changing the electron relaxation rate (ν) due to a high ν value being connected
with a higher density of defects, hence, a low charge carrier mobility. As an example,
an electron relaxation rate of ν = 1.0× 1013 s−1 corresponds to an electron mobility of
50,000 cm2/V s whereas ν = 4.0× 1013 to ∼22,100 cm2/V s.
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and from 0.86 to 5.92 THz for 𝑤 = 480 nm.  

Figure 10. Plasmon frequency dispersion (ω/2π) vs. wave vector (q) (using θ = 0, N2D =
1.0 × 1012 cm−2, and vF = 0.829 × 106 m s−1) for different values of electron relaxation rate
(ν = 1.0 × 1013, 2.0 × 1013, 4.0 × 1013 s−1) and different ribbon widths: (a) w = 155 nm,
(b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm.

In this context, the sensitivity of the plasmon frequency dispersion is investigated
using three values of the relaxation rate (ν = 1.0 × 1013 s−1, ν = 2.0 × 1013 s−1, and
ν = 4.0× 1013 s−1) and fixing the other parameters as: N2D = 1.0× 1012 cm−2 and θ = 0.
We point out that the horizontal axes of Figure 10 are ten times smaller, i.e., q ≤ 1000 cm−1.
In all the GNR arrays, as the ν value increases, the frequency–momentum dispersion shifts
toward larger values of q and furthermore, the plasmon frequency is reduced.

The interesting part of the results is the fact that there is a momentum range for which
no plasmons are allowed to exist again, particularly, at ν = 2.0× 1013 s−1 (blue curves)
and ν = 4.0× 1013 s−1 (red curves). The greatest effect of the electron relaxation rate is
distinguished at ν = 4.0× 1013 s−1 where no plasmons are found at q < 550 cm−1 for
w = 155 nm (Figure 10a), at q < 350 cm−1 for w = 270 nm (Figure 10b), at q < 250 cm−1 for
w = 380 nm (Figure 10c), and at q < 200 cm−1 for w = 480 nm (Figure 10d). Consequently,
as the ν value increases, the momentum region for which the plasmon does exist is enlarged.

To highlight the effect of the relaxation rate at ν = 4.0× 1013 s−1, the plasmon spectra
for selected q values from 100 to 1000 cm−1 and different ribbon widths are reported in
Figure 11 and Table S8. In particular, no plasmons are detected at 0 < q < 500 cm−1

for w = 155 nm (Figure 11a), at 0 < q < 300 cm−1 for w = 270 nm (Figure 11b), at
0 < q < 200 cm−1 for w = 380 nm (Figure 11c), and at 0 < q < 500 cm−1 for w = 480 nm
(Figure 11d). Additionally, the plasmon excitation peak is detected from 0.69 to 2.45 THz for
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w = 155 nm, from 1.35 to 4.04 THz for w = 270 nm, from 1.53 to 5.11 THz for w = 380 nm,
and from 0.86 to 5.92 THz for w = 480 nm.
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occurs at 𝑞 = 600 cm−1 (Figure 10d, black curve). The plasmon frequency increases by 
~73% for GNR arrays from 155 nm to 270 nm wide, by ~27% from 270 nm to 380 nm wide, 
and by ~16% from 380 nm to 480 nm wide. Thus, we can conclude that the electron relax-
ation rate is a significant parameter in the conductivity-related phenomena of 2D GNR 
arrays which should be taken into account when designing new biosensors. 

Figure 11. Plasmon excitation lifetime (ω/2π ≤ 7 THz) (using θ = 0, N2D = 1.0 × 1012 cm−2,
ν = 4.0× 1013 s−1, and vF = 0.829× 106 m s−1) for selected q values from 100 to 1000 cm−1, with
different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm. The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.25.

On the other hand, Figure 12a–c displays the plasmon spectra at ν = 4.0× 1013 s−1

for q = 600, 800, 1000 cm−1 as a function of the ribbon width. Similarly, for all cases, the
plasmon peak shifts to higher values of frequency by increasing the value of the ribbon
width. Additionally, Figure 12d and Table S9 show that the greatest effect of the combination
of the electron relaxation rate (ν = 4.0× 1013 s−1) and ribbon width, particularly, occurs
at q = 600 cm−1 (Figure 10d, black curve). The plasmon frequency increases by ~73% for
GNR arrays from 155 nm to 270 nm wide, by ~27% from 270 nm to 380 nm wide, and by
~16% from 380 nm to 480 nm wide. Thus, we can conclude that the electron relaxation rate
is a significant parameter in the conductivity-related phenomena of 2D GNR arrays which
should be taken into account when designing new biosensors.
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tration denoted as 𝑁ଶ஽. This effect can be commonly altered by injecting or ejecting elec-
trons, i.e., by doping the GNRs or by a gating voltage. In particular, this quantity can be 
varied easily in a reasonable range up to 𝑁ଶ஽~5.0 × 10ଵଶ cm−2 [35]. Figure 13 shows pre-
cisely this effect on the plasmon frequency–momentum dispersion for each of the systems 
(𝑤 = 155 nm (Figure 13a), 𝑤 = 270 nm (Figure 13b), 𝑤 = 380 nm (Figure 13c), and 𝑤 =480 nm (Figure 14d)) by using three reference 𝑁ଶ஽ values (𝑁ଶ஽ = 1.0 × 10ଵଶ cm−2 (black 
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Figure 12. Plasmon excitation lifetime (≤ 7 THz) at (a) q = 600 cm−1, (b) q = 800 cm−1, and (c)
q = 1000 cm−1 considering different ribbons widths (155, 270, 380, and 480 nm). (d) Percentage
variation in plasmon frequency by increasing ribbon width for three different q values (q = 600,
800, 1000 cm−1). The parameters of Equation (4) have been fixed as: N2D = 1.0× 1012 cm−2, θ = 0,
ν = 4.0× 1013 s−1, and vF = 0.829× 106 m s−1. The plasmon spectra were calculated using the
Lorentzian shape function to a maximum value of 1 with FWHM = 0.25.

3.5. The Effect of 2D Carrier Concentration on the Plasmonic Properties

The final parameter to be controlled in Equation (4) is the 2D charge carrier con-
centration denoted as N2D. This effect can be commonly altered by injecting or ejecting
electrons, i.e., by doping the GNRs or by a gating voltage. In particular, this quantity
can be varied easily in a reasonable range up to N2D ∼ 5.0× 1012 cm−2 [35]. Figure 13
shows precisely this effect on the plasmon frequency–momentum dispersion for each of
the systems (w = 155 nm (Figure 13a), w = 270 nm (Figure 13b), w = 380 nm (Figure 13c),
and w = 480 nm (Figure 14d)) by using three reference N2D values (N2D = 1.0× 1012 cm−2

(black curve), N2D = 1.0× 1012 cm−2 (blue curve), and N2D = 2.0× 1012 cm−2 (red curve)),
and fixing: ν = 4.0× 1013 s−1 and θ = 0.
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Particularly, Figure 13 shows that increasing the value of 𝑁ଶ஽, the forbidden region 
for the plasmon becomes zero in other places where the value of the charge carrier density 
used in wide GNR arrays, i.e., the plasmon frequency–momentum dispersion, shifts to-
wards 𝑞 → 0. However, this effect is very dramatic for the plasmon frequency dispersion 
in all the analyzed cases because increasing the charge carrier density leads to an increase 
in the plasmon energy. As noticed, a significant increase in frequency is observed, by the 
comparison from 𝜈 = 1.0 × 10ଵଷ s−1 to 𝜈 = 4.0 × 10ଵଷ s−1 (red curves) of about 20 THz for 
the GNR arrays 155 nm wide (Figure 13a) to ~40 THz for 480 nm wide (Figure 13d). We 
point out that these results are below the limit of the semi-analytical model (~50 THz, 
Section 2.2), suggesting a good agreement between our predictions and future experi-
ments. 

Figure 13. Plasmon frequency dispersion (ω/2π) vs. wave vector (q) (using θ = 0, ν = 1.0× 1013 s−1,
and vF = 0.829× 106 m s−1) for different values of charge carrier concentrations (N2D = 1.0× 1012, 2.0×
1012, 4.0× 1012 cm−2) with different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm,
and (d) w = 480 nm.

Particularly, Figure 13 shows that increasing the value of N2D, the forbidden region for
the plasmon becomes zero in other places where the value of the charge carrier density used
in wide GNR arrays, i.e., the plasmon frequency–momentum dispersion, shifts towards
q→ 0 . However, this effect is very dramatic for the plasmon frequency dispersion in all
the analyzed cases because increasing the charge carrier density leads to an increase in
the plasmon energy. As noticed, a significant increase in frequency is observed, by the
comparison from ν = 1.0× 1013 s−1 to ν = 4.0× 1013 s−1 (red curves) of about 20 THz
for the GNR arrays 155 nm wide (Figure 13a) to ∼40 THz for 480 nm wide (Figure 13d).
We point out that these results are below the limit of the semi-analytical model (∼50 THz,
Section 2.2), suggesting a good agreement between our predictions and future experiments.

To scrutinize the crucial effect of the charge carrier density at N2D = 4.0× 1012 cm−2,
the plasmon spectra for q values from 1000 to 10,000 cm−1 and different ribbons widths are
reported in Figure 14 and Table S10. Interestingly enough, surface plasmons are detected at
a frequency–momentum range of zero for all cases (Figure 13), i.e., the forbidden regions
are absent. More importantly, the plasmon excitation peak is found from 6.72 to 21.26 THz
for w = 155 nm (Figure 14a), from 8.87 to 28.06 THz for w = 270 nm (Figure 14b), from
10.53 to 33.29 THz for w = 380 nm (Figure 14c), and from 11.83 to 37.42 THz for w = 480 nm
(Figure 14d).
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14b), from 10.53 to 33.29 THz for 𝑤 = 380 nm (Figure 14c), and from 11.83 to 37.42 THz 
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Figure 15a–c presents the plasmon spectra at 𝑁ଶ஽ = 4.0 × 10ଵଶ  cm−2 for 𝑞 =1000, 5000, 10,000 cm−1 as a function of the ribbon width. As evidenced, the 2D charge 
density is the most critical parameter to substantially increase the plasmon frequency be-
cause the plasmon peak shifts, for instance, from 21 THz (at 𝑞 = 10,000 cm−1 and 𝑤 =155 nm) to 37.42 THz (at 𝑞 = 10,000 cm−1 and 𝑤 = 480 nm). Lastly, regardless of the 
value of 𝑞, Figure 15d and Table S11 show that the combined effect of the 2D charge car-
rier density and ribbon width increased the plasmon frequency by ~24% for the 2D GNR 
arrays from 155 nm to 270 nm wide, by ~16% from 270 nm to 380 nm wide, and by ~11% 
from 380 nm to 480 nm wide. 

Figure 14. Plasmon excitation lifetime (ω/2π ≤ 40 THz) (using θ = 0, N2D = 4.0× 1012 cm−2,
ν = 1.0× 1013 s−1, and vF = 0.829× 106 m s−1) for selected q values from 1000 to 10,000 cm−1, with
different ribbon widths: (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm. The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.25.

Figure 15a–c presents the plasmon spectra at N2D = 4.0× 1012 cm−2 for q = 1000, 5000,
10, 000 cm−1 as a function of the ribbon width. As evidenced, the 2D charge density is
the most critical parameter to substantially increase the plasmon frequency because the
plasmon peak shifts, for instance, from 21 THz (at q = 10, 000 cm−1 and w = 155 nm)
to 37.42 THz (at q = 10, 000 cm−1 and w = 480 nm). Lastly, regardless of the value of q,
Figure 15d and Table S11 show that the combined effect of the 2D charge carrier density
and ribbon width increased the plasmon frequency by ∼24% for the 2D GNR arrays from
155 nm to 270 nm wide, by ∼16% from 270 nm to 380 nm wide, and by ∼11% from 380 nm
to 480 nm wide.
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ation in plasmon frequency by increasing ribbon width for three different 𝑞 values (𝑞 = 1000, 5000, 10,000 cm−1). The parameters of Equation (4) have been fixed as: 𝑁ଶ஽ = 1.0 × 10ଵଶ cm−2, 𝜃 =0, 𝜈 = 4.0 × 10ଵଷ s−1, and v୊ = 0.829 × 10଺ m s−1. The plasmon spectra were calculated using the 
Lorentzian shape function to a maximum value of 1 with FWHM = 0.25. 

4. Potential Applications of Wide 2D GNR Arrays in Biosensors 
All the results presented in the previous section are very relevant because they sug-

gest that precise control of the plasmonic response is possible using wide graphene nano-
ribbons and by combining different technical parameters to adapt to a specific demand of 
graphene-based biosensors. With this in mind, we proceed to discuss our results in terms 
of some potential applications, such as molecular sensing. 

4.1. Detection of Lactose Molecules 
Very recently, Choi G., et al. [44] reported the fabrication of a graphene/metallic 

nanoslot antenna for the molecular detection of lactose molecules as prototypical biomol-
ecules which have intermolecular absorption in the THz regime. Specifically, the lactose 
molecules have weak and strong peaks at 0.53 THz and 1.35 THz, respectively. In terms 
of sensitivity, the peak at 0.53 THz has a smaller absorption coefficient, making it difficult 
to detect. Hence, all the analyzed 2D GNR arrays become interesting candidates for ultra-
sensitive molecular detection because of the enhanced electric field due to the one-

Figure 15. Plasmon excitation lifetime (≤ 40 THz) at (a) q = 1000 cm−1, (b) q = 5000 cm−1,
(c) q = 10, 000 cm−1; considering different ribbons widths (155, 270, 380, and 480 nm). (d) Percentage
variation in plasmon frequency by increasing ribbon width for three different q values (q = 1000,
5000, 10, 000 cm−1). The parameters of Equation (4) have been fixed as: N2D = 1.0× 1012 cm−2,
θ = 0, ν = 4.0× 1013 s−1, and vF = 0.829× 106 m s−1. The plasmon spectra were calculated using
the Lorentzian shape function to a maximum value of 1 with FWHM = 0.25.

4. Potential Applications of Wide 2D GNR Arrays in Biosensors

All the results presented in the previous section are very relevant because they suggest
that precise control of the plasmonic response is possible using wide graphene nanoribbons
and by combining different technical parameters to adapt to a specific demand of graphene-
based biosensors. With this in mind, we proceed to discuss our results in terms of some
potential applications, such as molecular sensing.

4.1. Detection of Lactose Molecules

Very recently, Choi G., et al. [44] reported the fabrication of a graphene/metallic
nanoslot antenna for the molecular detection of lactose molecules as prototypical biomolecules
which have intermolecular absorption in the THz regime. Specifically, the lactose molecules
have weak and strong peaks at 0.53 THz and 1.35 THz, respectively. In terms of sensitivity,
the peak at 0.53 THz has a smaller absorption coefficient, making it difficult to detect.
Hence, all the analyzed 2D GNR arrays become interesting candidates for ultrasensitive
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molecular detection because of the enhanced electric field due to the one-dimensional
confinement, and more importantly, these systems have resonance modes at the same THz
scale working on lower q values (q ≤ 100 cm−1). The latter is shown in Figure 16a by
setting N2D = 1.0× 1012 cm−2, θ = 0, and ν = 0.0 s−1.
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ing that GNRs with a high defect density (such as oxidized graphene ribbons) could be 
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Figure 16. (a) Plasmon frequency dispersion (≤ 2 THz) (ω/2π) vs. wave vector, considering different
ribbons widths (155, 270, 380, and 480 nm). The parameters of Equation (4) have been fixed as:
N2D = 1.0 × 1012 cm−2, θ = 0, and ν = 0.0 s−1. (b) Plasmon excitation lifetime at 1 THz for
momentum q ≤ 20 cm−1, considering different ribbons widths (155, 270, 380, and 480 nm). The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.5.

In all cases, plasmon responses are observed at 0.53 THz; however, only the widest
ribbons give plasmonic responses at 1.35 THz, i.e., w = 270 (blue curve), w = 380 (red
curve), and w = 480 (green curve). Note that we are using ν = 0, which means defect-free
GNR samples, resulting in the highest possible electron mobility. Another important result
is the fact that although all 2D GNR arrays have plasmon responses at 0.53 THz, these
resonances are found at different values of momentum (q); for instance, for w = 155 nm
wide, the peak is found at q ≈ 18 cm−1 (Figure 16b, black curve) whereas for w = 480 nm
wide, the peak is found at q ≈ 6 cm−1 (Figure 16b, green curve).

4.2. Detection of Molecules in Water

In clinical analysis, a significant problem is the identification of pure aqueous molecules
because water generates strong THz absorption at 1 THz and q ≈ 240 cm−1 [45] which
severely obscures the response of solute molecules, leading to similar absorption features
for different trace molecules. To weaken the interference of water, sample preparation re-
quires a tedious drying process or the replacement of water with a low-absorption medium;
however, this is not possible in all cases. In this context, THz nanomaterials with obvious
resonance peaks in the water frequency-absorption range could greatly enhance the interac-
tions between incident THz waves and adherent target molecules, demonstrating practical
applications in sensing proteins, nucleic acids, and cells. This fact is confirmed in Figure 17
by setting N2D = 1.0× 1012 cm−2, θ = 0, and ν = 2.24 s−1.

Note that we now use even a high value of the electron relaxation rate (ν) to be able to
achieve the desired frequency (1 THz) and momentum range (q ≈ 240 cm−1), suggesting
that GNRs with a high defect density (such as oxidized graphene ribbons) could be the
best choice for detecting aqueous molecules. Figure 17a demonstrates that this issue can
be solved using 2D GNR arrays 155 nm wide (black curve), setting the possibility of
assembling optimized THz biosensors to sense, for instance, human α-thrombin whose
resonance peak is detected at about 0.9 THz [45]. In response to this, Figure 17b displays
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the existence of plasmon resonance modes in 2D GNR arrays 155 nm wide in the same
THz frequency of water at q = 240 cm−1 (purple curve) and α-thrombin at q = 229 cm−1

(red curve).
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Figure 17. (a) Plasmon frequency dispersion (≤ 2 THz) (ω/2π) vs. wave vector (q), considering
different ribbons widths (155, 270, 380, and 480 nm). (b) Plasmon excitation lifetime for w = 155 nm,
considering different momenta from 200 to 290 cm−1. The parameters of Equation (4) have been fixed
as: N2D = 1.0× 1012 cm−2, θ = 0, and ν = 2.24× 1013 s−1. The plasmon spectra were calculated
using the Lorentzian shape function to a maximum value of 1 with FWHM = 0.5.

4.3. Detection of Chlorpyrifos-Methyl Molecules

In cases in which the samples can be dried, one of the most interesting physical
properties of graphene can be used, which is also present in wide 2D GNR arrays, i.e.,
the out-of-plane π electrons. As an example, the chlorpyrifos-methyl molecule is an
insecticide mainly used to control insect pests on a range of crops. However, this pesticide
is highly toxic to organisms and humans, requiring urgent detection methods and removal
techniques. Regarding the chemical structure conformation, chlorpyrifos-methyl has a
benzene-like ring with π electrons, which are expected to have a direct interaction with
the π electrons of GNRs through π − π stacking, and furthermore, this molecule has
a resonance peak at 0.95 THz [46]. The following is illustrated in Figure 18 by setting
N2D = 2.5× 1012 cm−2, θ = 0, and ν = 2.24 s−1.

Precisely, all the analyzed 2D GNR arrays offer the required THz response at these
frequencies (Figure 18a), demonstrating their application in label-free sensing. Note that
we are using high values of the electron relaxation rate (ν) and charge carrier concentration
(N2D), which in turn demonstrates two important facts: (i) the use of GNR samples with a
high density of defects; and (ii) a charge transfer from the molecule (doping) is expected
due to the interaction between the 2D GNR array and chlorpyrifos-methyl molecule via the
π − π interactions. Additionally, an important result is the fact that although all 2D GNR
arrays have plasmon responses at 0.95 THz, these resonance modes shift to lower values of
momentum (q); for instance, for w = 155 nm wide, the peak position at 0.95 THz is found
at q ≈ 94 cm−1 (Figure 18b, black curve) whereas for w = 480 nm wide the peak position is
found at q ≈ 30 cm−1 (Figure 18b, green curve).
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Figure 18. (a) Plasmon frequency dispersion (≤ 3 THz) (ω/2π) vs. wave vector, considering different
ribbons widths (155, 270, 380, and 480 nm). The parameters of Equation (4) have been fixed as:
N2D = 2.5× 1012 cm−2, θ = 0, and ν = 2.24 s−1. (b) Plasmon excitation lifetime at ≈ 0.95 THz for
momentum q ≤ 100 cm−1, considering different ribbons widths (155, 270, 380, and 480 nm). The
plasmon spectra were calculated using the Lorentzian shape function to a maximum value of 1 with
FWHM = 0.5.

4.4. Detection of Glucose and Malaria

Last but not least, materials with specific ranges of physical parameters, such as
permittivity and permeability, are needed for high-frequency sensing applications. The
purpose of these materials is the implementation of ultrathin, ultrasensitive, and absorption-
based biosensors with a narrowband THz response. The required features are covered by
the 2D GNR arrays examined here. As evidenced throughout our present work, GNRs
have interesting tunability and controllability in the frequency of interest. In particular,
the excitation of surface plasmons in 2D GNR arrays causes strong field confinement
which results in a perfect absorption spectrum. As illustrative examples, glucose in water
and malaria in blood have resonances at 14.88 and 12.7 THz, respectively [47]. These
resonance modes are investigated in Figure 19 by setting N2D = 1.5× 1012 cm−2, θ = 0,
and ν = 0.0 s−1. Here we propose the use of defect-free GNR samples and we increase the
value of the charge carrier density a little bit since the latter is expected as an effect of the
charge transfer from the molecules to the 2D GNR arrays.

Interestingly enough, 2D GNR arrays 480 nm wide (Figure 19a, green curve) show
similar THz excitation peaks, confirming the prospect of building excellent adsorbers
that can be utilized as faultless absorption platforms working at the frequency of higher-
order resonance. On the other hand, 2D GNR arrays 380 nm wide show resonance modes
below 14 THz, suggesting their use for detecting malaria in blood but not glucose in water.
Nevertheless, this fact is relative, since depending on the type of molecule, the interaction
could be stronger (see the discussion in the previous section, Section 4.3), causing a larger
charge transfer, which performs in larger doping of 2D GNR arrays. Indeed, even the other
2D GNRs arrays (e.g., w = 270 nm) could also be candidates for the detection of glucose
and malaria. Figure 19b confirms the presence of plasmon resonance modes in the same
frequency of glucose at q = 2200 cm−1 (green curve) and malaria at q = 3000 cm−1 (red
curve).
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Figure 19. (a) Plasmon frequency dispersion (≤ 16 THz) (ω/2π) vs. wave vector (q), considering
different ribbons widths (155, 270, 380, and 480 nm). (b) Plasmon excitation lifetime for w = 480 nm,
considering different momenta from 2000 to 3000 cm−1. The parameters of Equation (4) have been
fixed as: N2D = 1.0× 1012 cm−2, θ = 0, and ν = 2.24× 1013 s−1. The plasmon spectra were calculated
using the Lorentzian shape function to a maximum value of 1 with FWHM = 0.5.

5. Conclusions

In summary, we have presented a semi-analytical approach based on the charge carrier
velocity of graphene to study the plasmonic properties of experimentally realized 2D GNR
arrays with widths ranging from 155 to 480 nm within the THz scale, and considering
freestanding systems, for instance, GNRs on insulating substrates.

This simple model allows us to analyze the trends of surface plasmon’s characteristics
in 2D GNR arrays, for which an ab initio approach is unworkable. Our study provided a
complete picture of controlling the plasmon frequency dispersion and plasmon response.
In particular, the surface plasmon modes are strongly dependent on the ribbon width and
experimental setup.

As main results:

• The analyzed systems show bandgap values from 22.12 to 7.14 meV.
• Several sub-bands are observed in the equal energy region as the ribbon width increases.
• All GNR systems display a direct bandgap at the K point.
• An interesting outcome is the fact that increasing the ribbon width increases the

plasmon frequency dispersion.
• At excitation angles of θ = 80, no plasmons are detected at q = 0.
• At higher values of v, the entire plasmon frequency–momentum dispersion is signifi-

cantly reduced with the presence of forbidden regions for plasmons.
• The combination of ribbon width and 2D charge concentration increases the plasmon

frequency up to about 40 THz.

Additionally, we have evidenced the possibility of using the scrutinized 2D GNR
arrays in molecular sensing. Particular attention is given to the detection and sensing of:

• Lactose molecules;
• Human α-thrombin;
• Chlorpyrifos-methyl;
• Glucose in water;
• Malaria in blood.

Our findings are very relevant because they suggest that precise control of the plas-
monic response is possible in the case of wide nanoribbons by combining different technical
parameters to fit a specific demand for future biosensors based on graphene or materials
beyond graphene [48].
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors10120514/s1, Figure S1: Experimentally realized
graphene nanoribbons organized as 2D periodic arrays for (a) w = 155 nm, (b) w = 270 nm,
(c) w = 380 nm and (d) w = 380 nm (Ref. [1]); Figure S2: (a) Band structure of graphene in the vicinity
of K point with the Fermi level set to zero energy. The blue line is the π band and the red line is the
π∗ band. (b) Fermi velocity as a function of the single-particle energy for the π band (blue circles)
and the π∗ band (darker red circles) in the k-point region; Figure S3: (a) Bandgap (∆) as a function of
the ribbon width (w). Markers represent the GNR systems under study and the dashed lines are the
fitting curve using Equation (2). The numerical values of the bandgap are calculated using different
charge carrier velocities as reported in Ref. [2]. (b) Plasmon frequency dispersion (ω/2π) vs. wave
vector (q) for 2D GNR arrays of w = 270 nm wide. The parameters of Equation (4) have been fixed
as: N2D = 1.0× 1012 cm−2, θ = 0, ν = 1.0× 1013 s−1, and different carrier velocities are considered;
Table S1: Computed k-points and single-particle energies using LDA-DFT for the π and π∗ bands
close to the K point. Calculated Fermi velocity by Equation (2); Table S2: Bandgap and charge carrier
effective mass of GNRs with ribbon width: w = 155, 270, 380, 480 nm. The free-electron mass is
denoted as m0. The charge carrier velocity is vF = 0.829× 106 m/s; Table S3: Bandgap and charge
carrier effective mass of GNRs with ribbon width: w = 155, 270, 380, 480 nm. The free-electron
mass is denoted as m0. The charge carrier velocity is vF ≈ 1.0× 106 m/s; Table S4: Peak position of
plasmon response in 2D GNR arrays of 155, 270, 380, and 480 nm wide, selecting three different q
values (q = 100, 1000, 10, 000 cm−1); Table S5: Percentage increase in plasmon frequency by increasing
ribbon width for three different q values (q = 100, 1000, 10, 000 cm−1); Table S6: Peak position of
plasmon response in 2D GNR arrays of 155, 270, 380, and 480 nm wide, for selected q values at θ = 80;
Table S7: Percentage increase in plasmon frequency by increasing ribbon width for three different q
values (q = 2000, 5000, 10, 000 cm−1) at θ = 80; Table S8: Peak position of plasmon response in 2D
GNR arrays of 155, 270, 380, and 480 nm wide, for selected q values at ν = 4.0× 1013 s−1; Table S9:
Percentage increase in plasmon frequency by increasing ribbon width for three different q values
(q = 600, 800, 1000 cm−1) at ν = 4.0× 1013 s−1; Table S10: Peak position of plasmon response in
2D GNR arrays of 155, 270, 380, and 480 nm wide, for selected q values at N2D = 4.0× 1012 cm−2;
Table S11: Percentage increase in plasmon frequency by increasing ribbon width for three different
q values (q = 600, 800, 1000 cm−1) at N2D = 4.0× 1012 cm−2. References [28,38] are cited in the
supplementary materials.
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