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Abstract: Graphene is a thin-film carbon material that has immense potential as a key ingredient in
new nanoelectronic and nanophotonic devices due to its unique characteristics. In particular, plas-
mons in graphene appear as a practical tool for the manipulation of light with potential applications
from cancer treatment to solar cells. A motivating tunability of graphene properties has been ob-
served in graphene nanoribbons (GNRs) due to their geometrically controllable bandgaps that, in
turn, influence the plasmonic properties. The formidable effort made over recent years in develop-
ing GNR-based technologies is, however, weakened by a lack of predictive approaches that draw
upon available semi-analytical electromagnetic models. An example of such a framework is used
here, focusing on experimentally realized GNRs from 155 to 480 nm wide and organized as two-
dimensional (2D) GNR arrays. The results show that the plasmon frequency behavior is highly af-
fected by the experimental setup or geometrical factors. In particular, the bandgap of the analyzed
systems is of the order of a few meV with a density of states opening around zero energy (Fermi
level) in contrast to what is observed in graphene. From the plasmonic part, it is observed in all 2D
GNR arrays that the frequency-momentum trend follows a ﬁ—like plasmon dispersion whose
plasmon frequency can be increased substantially by increasing the ribbon width or charge density
concentration. Forbidden plasmon regions are observed for high values of plasmon excitation angle
or electron relaxation rate. From a sensing point of view, the important finding is the fact that 2D
GNR arrays of 155 nm wide with high values of electron relaxation rate have plasmon responses
similar to those observed for a —thrombin in water. Our predictions are projected to be of fast sup-
port for detecting plasmons in more complex designs of ribbon nanodevices with potential applica-
tions in molecular sensing of aqueous molecules.

Keywords: graphene; graphene nanoribbons; surface plasmons; THz

1. Introduction

Surface plasmons (SPs) are so-called collective excitations of valence electrons in con-
ducting or semiconducting materials [1]. They have been explored in many applications
such as integrated nanophotonics [2], sensing [3], metasurfaces [4], and photovoltaics [5].
In particular, SPs have been realized at the surface of noble metals (e.g., gold or silver),
finding their resonance modes mostly in the visible part of the electromagnetic spectrum
[6]. However, these collective oscillations in metals show a lack of tunability of the plas-
mon frequency as well as a small plasmon propagation length [7]. Alternatively, SPs in

Coatings 2023, 13, 28. https://doi.org/10.3390/coatings13010028

www.mdpi.com/journal/coatings



Coatings 2023, 13, 28

2 of 20

graphene show various rewards compared to metals, mainly: (i) these oscillations are
found in the terahertz-to-midinfrared frequency range with potential applications in sens-
ing and communications [8], and (ii) SPs in graphene have much stronger confinement
and large tunability [9]. Nevertheless, the electron scattering observed in supported gra-
phene significantly degrades the plasmon propagation length.

To address this problem, it has been proposed to change the system dimensionality
from two-dimensional (2D) graphene to quasi-one-dimensional (1D) graphene so-called
graphene nanoribbons (GNRs). This approach makes it possible to substantially reduce
the plasmon damping and improve the plasmon propagation length [10]. Graphene, a 2D
thin film made of carbons and arranged in a honeycomb framework, has already demon-
strated excellent physical, chemical, and mechanical properties [11] that guarantee inter-
esting applications pursued by academia and industry [12]. While graphene displays
great promise for future electronics and photonics, the major limitation is its lack of a
bandgap. In this context, thin strips of graphene, i.e., GNRs, have evidenced superior elec-
tronic, optical, and magnetic properties [13] that emerge from the structural boundary
conditions imposed by the ribbon width, crystallographic symmetry, and chiral edges
[14]. GNR systems, particularly, have arisen as promising candidates for introducing
bandgaps (from a few meV to eV) that are inversely proportional to ribbon width
[15].GNRs have mostly been studied for applications such as resonators [16] and field-
effect transistors [17].

Nowadays, SPs in GNRs have been realized and predicted to exist [18,19]; however,
in order to minimize electron scattering and obtain the best possible electronic and plas-
monic properties, it is necessary to look at GNRs organized as 2D periodic arrays [20].
Such structures have been realized by Fei et al., with GNRs from 155 to 480 nm wide [21],
where two plasmons were observed: a surface (intraband) plasmon and an edge (inter-
band) plasmon. Interestingly enough, only the SP demonstrated tunability from the THz
frequencies, which, in fact, is the range of the largest number of plasmonic applications.
From the theoretical side, SPs in graphene and GNRs have been explored, principally, via
time-dependent density functional theory (TD-DFT) plus random phase approximation
(RPA) [22-24]. Nevertheless, this ab initio method cannot be adapted to switch a large
number of carbons in wide GNRs (= 5 nm wide) as well as for the study of related elec-
tronic and plasmonic properties.

Recently, we used a reliable semi-analytical approach that, with the correct approxi-
mation of the group velocity of graphene [25], can be adapted to explore the electronic
and plasmonic properties of GNR arrays with good agreement with experimental and
theoretical evidence. To the best of our knowledge, this model has not been used to scru-
tinize the plasmonic properties of 2D GNR arrays reported in Ref. [21]. In this communi-
cation, such a missing theoretical analysis is reported, taking freestanding systems, i.e.,
suspended GNRs similarly as reported in Ref. [26,27]. The main objective of the present
theoretical work is to analyze the electronic and plasmonic properties of viable GNRs with
a simple model whose theoretical manipulation could be applied as an instructive guide-
line for the design of future nanoplasmonic devices. Furthermore, this approach can be
used to find novel nanoribbon systems for applications such as biosensing where, in par-
ticular, an ultra-high plasmon sensitivity is needed. In fact, we demonstrate that the plas-
mon frequency and dispersion in wide GNRs (155, 270, 380, and 480 nm) are highly af-
fected by the experimental setup or geometrical aspects.

2. Theoretical Framework

To remark, this work aims to show the tunability of SPs in 2D wide GNR arrays that
can be tailored into more complex sensors for a specific demand. Potential applications
are explored in Section 4.

Keeping 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
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(ii) analytical expressions to obtain the electronic and plasmonic features of wide 2D GNR
arrays (Figure 1). The complete theoretical derivation and description are given in Ref.
[28] and the step-by-step approach to computing the charge carrier velocity of graphene
is in Ref. [25,29].

Figure 1. Illustration of a 2D GNR array.

2.1. Estimation of Fermi Velocity

As mentioned, the present study focuses on the plasmonic response of wide 2D GNR
arrays where most of the graphene properties are preserved. In light of this concept, we
estimated the Fermi velocity of charge carriers in graphene using density functional the-
ory (DFT) (implemented in the Abinit package [30]) at the level of the local density ap-
proximation (LDA) [31]. In the development, we fixed:

e  Cut-off energy of ~680¢eV,

e  Out-of-plane distance of 15 A,

e  C-Cbond lengths of 1.42 &,

e The lattice constant of 2.46 A,

e Dense Monkhorst-Pack grid of 720 X 720 X 1,

e  8bands: 4 valence bands and 4 conduction bands.

The numerical value of Fermi velocity (vg) in graphene was found to be vg =
0.829 x 10° m/s [25], which is the average charge carrier velocity of the 7* and 7 bands
in the vicinity of the K point in the graphene band structure, providing an accurate Dirac
cone approximation [11,14,25]. This result is in perfect agreement with previous works
[32,33].

2.2. Semi-Analytical Framework

To begin, Popov et al. [28] show that a series of sub-bands (E,,) with a bandgap (A)
appear due to the quasi-one-dimensional confinement of the charge carriers in GNRs [33],
whose band dispersion can be described by the following equation [34,35]:

nz 4 2P 1)

where n is the (sub)band index (n = 1,2,3,...), m" is the effective mass of related charge
carriers [28], and p; is the parallel momentum. The A value can be computed as follows
[29]:

_2mvph

A= (2)

w

where # is the (reduced) Planck constant and w denotes the ribbon width. Additionally,
the m* value can be estimated as [29]:
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It is worth noting that Equation (1) offers a quadratic band dispersion and bandgap
opening around the I' point for narrow GNRs and becomes linear, with A— 0, as in-
creases the ribbon width, similar to the nature of graphene.

The estimated bandgap (A) and effective electron masses (m*) of the systems under
study are reported in Table 1.

Table 1. Bandgap and charge carrier effective mass of GNRs considered in the present work. m, is
the free-electron mass.

Ribbon Width (nm) Bandgap (meV) Effective Mass (m") X m,
155 2212 283 %1073
270 12.70 1.63 x 1073
380 9.02 1.16 x 1073
480 7.14 091 x 1073

Let us stress again that GNRs ordered as 2D periodic arrays with a small separation
distance between them show similar electronic properties to those of graphene. In fact,
SPs are expected to follow the ribbon length instead of the empty space between attached
ribbons. In this setting, GNR arrays can be seen as precise 2D planes (see Figure 1) where
the group velocity of graphene is the starting parameter that must be correctly assessed
before being used in the modeling approach proposed here.

Thus, the vg value (vg = 0.829 X 10° m/s) was previously calculated using DFT
computations and applied to determine the plasmon dispersion in GNRs of 2.7 and 100
nm wide [25], demonstrating a significant difference in the plasmon frequency dispersion
compared to the conventional value (vg = 10° m/s). In Figure S1, this fact is also corrobo-
rated for the system under study where the electronic properties can be underesti-
mated/overestimated depending on the value of vg, which in turn affects their plasmonic
properties.

Then, the plasmon frequency-momentum dispersion can be estimated by the ap-
proach of Ref. [28]:

w = Re \/wqcosze—v—z—iz 4)
em* 4 2
where the electron charge is denoted as e, N, is the 2D electron density, € is the dielec-
tric constant, g is the reciprocal wave vector, 8 is the plasmon excitation (Figure 1), and
the electron relaxation rate is ascribed as v.
To obtain the plasmon spectrum for selected q values, we apply the conventional
approach of the spectral line profile using a Lorentzian function, whose main parameters

are described as follows [3]:
1
= 5
L 14 x2 ©)

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)
W
where w, is the transition frequency of the maximum (THz), w is the frequency/energy
regime, and the full width at half maximum (FWHM) is denoted as capital W. W = 0.25
was used for all spectra.
Then, the plasmon spectrum can be plotted by the following expression:

(6)
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1
L= 4(w— w,y)? )

We remark on two important facts: (i) Lorentzian line shape functions describe the
form of a spectroscopical feature corresponding to a frequency (energy) change in ions,
molecules, atoms, or —as in the present case —2D GNR arrays, and (ii) the units of w, w,,
and W are typically wavenumbers (for absorption spectra) or frequency (for lifetime
spectrum of collective excitations) [3]. Therefore, we use the last entry, that is, in terms of
frequency, what we call the plasmon spectrum, which refers to the plasmon excitation
lifetime [3].

3. Results and Discussions
3.1. Bandgap, Band Structure, and Density of States

In Figure 2, we focus on the bandgap (A) estimated by Equation (2) (with vg =
0.829 x 10° m/s [25]) of GNRs under study (155, 270, 380, 480 nm wide [21]) (Figure 2
inset). It is emphasized that we are considering freestanding GNR systems and the effect
of the substrate is assumed to be negligible. To clarify this fact, our approach uses the case
where the band structure of graphene or GNRs remains unchanged below or above the
Fermi level as is well-known when graphene-based materials are grown on insulating
substrates (e.g., hexagonal boron nitride).

35f

30f \

N

15} “\.270nm f

Bandgap (meV)
S
/

10t 380N :

00200 300 400
Ribbon width (nm)

Figure 2. Bandgap (A) as a function of the experimental ribbon widths (blue markers). The orange
line is the fitting curve. Inset Figures show the experimentally realized 2D GNR arrays (reproduced
with permission of Ref. [21]).

It is important to mention that the effect of the supporting substrate can be investi-
gated including the corresponding charge carrier velocity and recalculating the effective
electron mass.

As expected, in Figure 2, the bandgap decreases as the ribbon width increases. This
effect appears independent of the vg (Figure 51). In particular, GNRs under study display
very small bandgaps in the order of a few meV: wys5 = 22.12 meV, wyy5 = 12.70 meV,
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W3go = 9.02 meV, and w,gy = 7.14 meV (see Table 1), suggesting plasmonic responses in
the THz scale and related nanophotonic applications such as biosensing. The bandgaps
for GNRs from 100 to 500 nm wide are predicted by the orange curve.

To further explore the electronic properties, Figure 3 shows the band structure and
density of states (DOS) of GNR systems under study. The corresponding bandgaps and
effective electron masses were used in Equation (1) (see Table 1), considering the n index
up to 9, i.e., nine valence sub-bands (red curves) and nine conduction sub-bands (black
curves).

(a)

30

20

Energy (meV)
(=]
Energy (meV)

-20

-30

0.01 002 003 004 0.05
A1
(C) Wave vector (A7)

001 002 0.03 004 005

(d) Wave vector (A7) DOS

Energy (meV)
Energy (meV)

DOS
DOS
001 002 003 004 005 001 002 003 004 005
Wave vector (A) Wave vector (A")

Figure 3. Band structure and density of states (DOS) as a function of wave vector (k) of the systems
under study: (a) 155 nm, (b) 270 nm, (c) 380 nm, and (d) 480 nm.

By this simple model, the estimated effective electron masses (Table 1) are very close
to those previously reported [35,36]. More importantly, three interesting facts are evident
in Figure 3:

(i) A direct bandgap at T' point as observed via DFT computations [20] or GW approx-

imation [36],

(if) Several one-dimensional (1D) sub-bands appear in the same energy scale (30 meV)
as the ribbon width increases, giving rise to strong peaks in the DOS,

(iii) All GNRs seem to be semiconducting materials with the first conduction and last
valence bands having a quadratic dispersion around the I' point.
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3.2. Plasmonic Properties: Ribbon Width

Previous studies on graphene and related graphene materials [37,38] have demon-
strated the existence of two plasmons, an intraband plasmon (so-called SP or 2D plasmon)
and an acoustic plasmon at energies below 1 eV. From the technological viewpoint, SP is
the most fascinating because its frequency can be manipulated by gating or doping. SP
has also been observed in GNR arrays [21] and confirmed via TDDFT computations [20],
in both cases working on the eV scale.

In a comparative effort between the numerical computations using
DFT/TDDFT+RPA [20] and the semi-analytical model used here, Figure S5 elucidates the
electronic properties of wide and ultra-narrow GNRs at the experimental and theoretical
levels. In particular, Figure S5b shows interesting results of the semi-analytical model
when predicting the bandgap for different families of GNRs of up to 3 nm wide in com-
parison with the DFT/GW approximation [36]. With this in mind, the five-armchair gra-
phene nanoribbon (5AGNR) (w = 1 nm and family 3p + 2) was selected as the testing
system. Interestingly enough, a perfect agreement for N, < 3.67 x 10'? cm2is observed
for the plasmon frequency dispersion (Figure S6), demonstrating the adaptability of the
proposed semi-analytical model to scrutinize ultra-narrow ribbons. To estimate the corre-
sponding charge carrier density in 5AGNR, we return to the concept of the Fermi level
discussed later (Section 3.5)

We now focus on the tunability of the SP in the THz scale (Figure 4-10), where most
of the graphene plasmonics is projected [39]. Beyond the doping effect that is associated
with the charge carrier concentration (N,;), we evidence an extra controllability of the SP
by changing the ribbon width (w), plasmon excitation angle (8), and electron relaxation
rate (v).

(a) (b) g=100cm”
N, =1.0x10"cm? ~
15} 08=0° ;
u=1.0x10"s" 2
ﬁ vy
= g
I 10 c
§ 3
3 N
©
5 —155nm E —155nm
270 nm 2 270 nm
—— 380 nm —— 380 nm
—— 480 nm ——480nm
0 L.
0 2000 4000 6000 8000 0 1 2 3 4
g{cm™) w/2n (THz)
() (d)
[ 9=1000 cm"’ g=10000 cm”
Eli 3
& =
2| z
2| :
[/ [
=5 =
- [ e]
Qr 7]
N —— 155 nm Nt —155nm
gl 270 nm g 270 nm
21 ——380nm 2 —380nm
[ — 480 nm — 480 nm
0 2 4 6 8 10 0 5 10 15 20
w/2n (THz) w/2m (THz)

Figure 4. (a) Plasmon frequency—-momentum dispersion of 2D GNR arrays of interest. (b) Maximum
of the plasmon peak (< 4 THz) at ¢ = 100 cm™. (c¢) Maximum of the plasmon peak (< 10 THz)
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for at ¢ = 1000 cm™. (d) Maximum of the plasmon peak (< 20 THz) at ¢ = 10000 cm™. The cor-
responding transition frequency was taken from Table 2 for the selected g values.

Keeping this in mind, Figure 4 shows the plasmon frequency dispersion of the exper-
imentally realized 2D GNR arrays under study (Figure 1 inset). Based on Ref. [40], we fix
the values of N,p = 1.0 X 10?2 cm?2, v =1.0 x 103 s, and 6 = 0.

Interestingly, the trend of the curves is unaffected by the ribbon width, exposing a
\/E—like plasmon dispersion as is typical of 2D systems. Another important result is the
fact that increasing the ribbon width increases the plasmon frequency with values of up
to 20 THz. To highlight this fact, the plasmon frequency spectra for selected q values are
reported in Figure 4b—d and Table 2. The plasmon spectra were obtained by the approach
of the Lorentzian line shape function (i.e., spectral line profile) to a maximum value of 1
with the corresponding transition energy (THz) extracted from the plasmon frequency-
momentum data.

On the other hand, for g = 100 cm™, the maximum of the plasmon peak moves from
1.03 to 1.85 THz (Figure 4b), and for g = 1000 cm™, from 3.35 to 5.91 THz (Figure 4c). At
the first approximation, the greatest increase in frequency is observed at ¢ = 10000 cm™,
giving a plasmon response from 10.63 to 18.71 THz (Figure 4d).

Table 2. Maximum of the plasmon peak for selected momenta (g = 100, 1000, 10,000 cm™).

Ribbon Width (nm) G100 (THz) 1000 (THz) G10000 (THZ)
155 1.03 3.35 10.63
270 1.38 4.43 14.03
380 1.64 5.26 16.65
480 1.85 5.91 18.71

A close look at the increase in plasmon frequency shows that regardless of the value
of q (Table 3), the frequency increases by ~25% for systems from 155 nm to 270 nm,
~16% from 270 nm to 380 nm, and by ~11% from 380 nm to 480 nm. These results allow
us to conclude that there is a relative inverse relationship between the ribbon width and
the plasmon frequency, that is, as the ribbon width increases, the effect on the plasmon
frequency dispersion becomes gradually minor.

Table 3. Percentage variation in plasmon frequency by increasing ribbon width for selected mo-
menta (@ = 100, 1000, 10,000 cm™).

Ribbon Width (nm) d100 (%) d1000 (%) Q10,000 (%)
150 — 270 25.36 2438 26.16
270 - 380 15.85 15.78 15.74
380 — 480 11.35 11.00 11.01

From a strict statistical aspect, in Table 3, one can see that the average change in the
plasmon frequency rate as a function of the width variation, from the narrowest (w = 155
nm) to the widest (w = 480 nm) GNR, is 17.5% for ¢ = 100 cm™, 17.1% for ¢ = 1000
cm™, and 17.6% for ¢ = 10,000 cm™. These results suggest a constant trend of the plas-
mon frequency regardless of the value of g, suggesting a slight effect on the ribbon width.

3.3. Plasmonic Properties: Excitation Angle

We now proceed to analyze the consequence of the plasmon excitation angle. Specif-
ically, Figure 5 displays the plasmon frequency-momentum dispersion for 2D GNR ar-
rays by taking different directions for the excitation wave vector: 8 = 0° (black line), 6 =
60° (blue line), and 6 = 80° (red line). Different ribbon widths are considered: w = 155
nm (Figure 5a), w = 270 nm (Figure 5b), w = 380 nm (Figure 5c), and w = 480 nm
(Figure 5d). Nop = 1.0 x 10'2 em2and v = 1.0 x 10*3 s are fixed.
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As observed, a ,/q-like dispersion is preserved in all 2D GNR arrays regardless of
excitation angle. Interestingly enough, plasmons are not detected in some cases since the
radicand in Equation (4) becomes negative. To clarify this fact, collective oscillations, i.e.,

plasmons, are dictated by the zeros in the real part of the macroscopic dielectric function
[37]:

1
em(q w) = D) (8)

in a frequency range where the imaginary part is small or zero. Then, if this plasmon con-
dition is not met, only single-particle excitations can be found instead of collective excita-
tions. Taking this into account, we discuss all cases where the plasmon may or may not
exist.

In particular, at 8 = 80, no plasmon is found at g < 1200 cm™ for w = 155 nm, at
q <700 cm™ for w = 270 nm, at ¢ < 500 cm! for w = 380 nm, and at g < 400 cm™!
for w = 480 nm. As the ribbon width increases, the momentum region for which the plas-
mon does not exist shrinks, suggesting that for w — oo, the frequency dispersion recuper-
ates the result of ideal 2D materials, i.e., frequency—-momentum dispersion starting at
THz= 0 and q = 0. Additionally, for w = 155 nm (Figure 5a), the entire frequency—mo-
mentum dispersion is below 25 THz, whereas for w = 480 nm (Figure 5d), the entire
plasmon dispersion is below 40 THz.

L@ (b)
- N, =1.0x102cm?? 25} N, =1.0x10"2cm?
i u=1.0x10"s5" u=1.0x10"sg"
15 w=155nm 20F wW=270 nm
=~ | ~
| £
) L —Z 15 _£0°
= ol = 8=60
o oN
3 [ 3
[ 10t
5[
L 5[ 0=80°
0 ] ol
0 2000 4000 6000 8000 ] 2000 4000 6000 8000
g(em™) glcm™)
© L@
30F N,,=1.0x10"cm? N,,=1.0x10"cm™
- v=1.0x10"s" 30 u=1.0x10"s"
w=380 nm 55 w=480 nm
~ 20¢ ~N
= = 20}
E 15[ =
3 S 15t
10+ 1of
’f ///- gl
of ] of
0 2000 4000 6000 8000 0 2000 4000 6000 8000
q(cm™) q(cm™)

Figure 5. Plasmon frequency-momentum dispersion of 2D GNR arrays of interest, considering dif-
ferent orientations of plasmon excitation angle (6 = 0,60,80): (a) w = 155 nm, (b) w = 270 nm, (c)
w = 380 nm, and (d) w = 480 nm.



Coatings 2023, 13, 28

10 of 20

To extra-analyze the crucial fact of the excitation angle at 8 = 80, the maximum of
the plasmon peak for selected q values and different ribbon widths are reported in Table
4 and Figure S2a-d.

Table 4. Maximum of the plasmon peak for selected momenta at 6 = 80.

Wiss (THZ) Ws70 (THZ) W3go (THZ) Wysg0 (THZ)

1000 - 0.87 1.31 1.60
2000 1.05 1.75 2.23 2.59
3000 1.56 2.32 2.87 3.29
Qa000 1.94 2.78 3.39 3.86
5000 2.26 3.17 3.84 437
6000 2.54 3.52 425 4.81
@7000 2.79 3.83 461 5.23
5000 3.02 412 4.96 5.61
9000 3.23 4.40 5.27 5.96
T10000 3.43 4.65 5.58 6.30

As mentioned above, for the sampled momentum range, no plasmon is observed for
g = 1000 cm™in 2D GNR arrays of 155 nm wide (Figure 5a, Table 4). Explicitly, the max-
imum of the plasmon peak is found for w = 155 nm from 1.05 to 3.43 THz (Figure S2a),
for w = 270 nm from 0.87 to 4.65 THz (Figure S2b), for w = 380 nm from 1.31 to 5.58
THz (Figure S2c), and for w = 480 nm from 1.60 to 6.30 THz (Figure S2d). To highlight
the results of the excitation angle at 8 = 80, Figure 6 and Table 5 show that the highest
result of the combination of excitation angle and ribbon width occurs at small g values,
say, ¢ = 2000 cm™. Actually, the frequency increases by ~40% for systems from 155 nm
to 270 nm, ~22% from 270 nm to 380 nm, and by ~14% from 380 nm to 480 nm (Table 5).

q= 2000 cm™

~ 6=80°

=

S u=1.0x10"s"

= N,.= 1.0x10" cm?

-

3

£

o

L

N

E

= —— 155 nm

< 270 nm
— 380 nm
— 480 nm

0 1 2 3 4 5 6 7

w/2m (THz)
Figure 6. Maximum of the plasmon peak (< 7 THz) at ¢ = 2000 cm™ and 6 = 80.

Table 5. Percentage variation in plasmon frequency by increasing ribbon width for selected mo-
menta and at 6 = 80.

Ribbon Width (nm) q2000 (%) qs5000 (%) q10000 (%)
150 — 270 39.85 28.71 26.24
270 - 380 21.52 17.45 16.67

380 — 480 13.90 12.13 11.43
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Table 5 shows that the average change in the plasmon frequency rate vs. the width
variation, from the narrowest (w = 155 nm) to the widest (w = 480 nm) GNR, is 25.1%
for ¢ = 2000 cm™,19.4% for ¢ = 5000 cm, and 18.1% for ¢ = 10000 cm™. These re-
sults evidence a decreasing trend of the plasmon frequency as a function of the value of
q, suggesting an appreciable effect of the combination of ribbon width and excitation an-
gle at 8 = 80.

3.4. Plasmonic Properties: Electron Relaxation Rate

Depending on the synthesis process, the preparation of graphene (or related honey-
comb-like materials) gives samples with different types of defects, e.g., sp?, vacancy-like,
and edge defects [41]. Noticeably, these types of defects are expected in wide GNRs and
greatly influence their physical and chemical properties [42]. As a crucial case for the pre-
sent work, high carrier mobility is commonly measured in defect-free samples; however,
as the density of defects increases, the charge carrier mobility becomes poor. In Figure 7,
this is precisely what we inspect by changing the value of v, keeping in mind the follow-
ing idea: a high value of v is due to the fact that a higher concentration of defects gives a
low charge carrier mobility.

The sensitivity of the frequency—-momentum dispersion is examined using three typ-
ical values of v (v = 1.0 x 103 s (black curve), v = 2.0 x 103 s (blue curve), and v =
4.0 x 10*3 s (red curve)) and fixing N,p, = 1.0 X 10?2 cm2and 6 = 0. Note that the hor-
izontal scale of Figure 7a-d is 10 times smaller compared to previous Figures.
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Figure 7. Plasmon frequency-momentum dispersion of 2D GNR arrays of interest, considering dif-
ferent values of electron relaxation rate (v = 1.0 X 10'3,2.0 x 10'3,4.0 x 10!® s): (a) w = 155 nm,
(b) w =270 nm, (¢) w = 380 nm, and (d) w = 480 nm.

In all cases, by increasing the value of v, the frequency-momentum dispersion shift
toward larger values of q as well as the plasmon frequency is reduced. Once more, an
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important result is a fact that there is a momentum range for which plasmons are not
detected at v = 2.0 x 10'® s and v = 4.0 X 10*® s Particularly, the greatest effect of
the relaxation rate is notable at v = 4.0 x 10*® s where no plasmon is found at g < 550
cm? for w = 155 nm, at ¢ < 350 cm™? for w =270 nm, at g < 250 cm™! for w = 380
nm, and at g < 200 cm™ for w = 480 nm. An extra result is a fact that increasing the
ribbon width slightly increases the plasmon frequency from about 3.5 to 6.5 THz.

To further emphasize the result of the relaxation rate at v = 4.0 X 1013 s the max-
ima of the plasmon peak for selected g values and considering different ribbon widths
are reported in Figure S3a—d and Table 6. We evidence that for the sampled momentum
range, no plasmon is observed for g = 100 cm™ in all 2D GNR arrays. More importantly,
the maximum of the plasmon peak is detected for w = 155 nm from 0.69 to 2.45 THz
(Figure S3a), for w = 270 nm from 1.35 to 4.04 THz (Figure S3b), for w = 380 nm from
1.53 to 5.11 THz (Figure S3c), and for w = 480 nm from 0.86 to 5.92 THz (Figure S3d).

These results confirm that the highest effect of the relaxation rate is on the starting
momentum region of the plasmon response and not on the plasmon frequency since this
is reduced by approximately 1 THz at v = 4.0 x 10 s (red curves, see Figure 7) com-
pared to v = 1.0 x 103 s (black curves, see Figure 7). Hence, a low density of defects
(i.e., low v values) results in a smaller forbidden momentum region.

Table 6. Maximum of the plasmon peak for selected momenta at v = 4.0 x 1013 s,

Wiss (THZ) W30 (THZ) W3sg0 (THZ) Wysg0 (THZ)

d100 - - - -

q200 - - - 0.86
4300 - - 1.53 2.24
4400 - 1.35 2.40 3.05
ds00 - 2.06 3.02 3.69
G600 0.69 2.58 3.54 4.23
4700 1.36 3.01 3.99 4.71
ds00 1.80 3.39 4.40 5.15
G900 2.15 3.72 4.77 5.55
41000 2.45 4.04 5.11 5.92

On the other hand, Figure 8 and Table 7 confirm that the highest effect of the combi-
nation of relaxation rate (v = 4.0 x 103 s) and ribbon width, particularly, occurs at q =
600 cm. The frequency increases by ~73% for GNR arrays from 155 nm to 270 nm, ~27%
from 270 nm to 380 nm, and by ~16% from 380 nm to 480 nm.
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Figure 8. Maximum of the plasmon peak (< 7 THz) at ¢ = 600 cm™ and v = 4.0 X 103 ..

Table 7. Percentage variation in plasmon frequency by increasing ribbon width for selected mo-
menta and at v = 4.0 x 103 s

Ribbon Width (nm) Q0o (%) G500 (%) G1000 (%)
150 - 270 73.26 46.90 39.36
270 > 380 27.12 22.95 20.94
380 - 480 16.31 14.56 13.68

Table 7 displays that the average change in the plasmon frequency rate vs. the width
variation, from the narrowest GNR (w = 155 nm) to the widest GNR (w = 480 nm), is
38.9% for ¢ = 600 cm™, 28.1% for ¢ = 800 cm™, and 24.7% for ¢ = 1000 cm™. These
results indicate a decreasing trend of the plasmon frequency as a function of the value of
q, suggesting a significant effect of the combination of ribbon width and electron relaxa-
tion rate at v = 4.0 X 10** s1. This effect is even superior to the two previously discussed
cases.

3.5. Plasmonic Properties: Charge Carrier Density

Another important parameter to be measured is the charge carrier concentration,
which in the present modeling approach is described by the 2D charge carrier density
(N;p). This parameter can be adapted by doping the GNRs or by a gating voltage, i.e., by
injecting or ejecting electrons.

While the charge carrier density (N,p) can be extracted from the expression of the
Fermi level (Er) [32,40]:

Ep = hvpy/2 T Nyp 9)

here it is decided to use the quantities of previous measures. In particular, this quantity
can vary easily up to N,p~5.0 X 10'* ¢cm2 [35]. In Figure 9, we focus precisely on the ef-
fect of charge carrier density on the plasmon frequency—-momentum dispersion for each
of the systems (w = 155 nm (Figure 9a), w = 270 nm (Figure 9b), w = 380 nm (Figure
9¢), and w = 480 nm (Figure 9d)) by using three reference N, values (N,p, = 1.0 x 102
cm (black curve), N,p = 1.0 x 1012 cm=2 (blue curve), and N, = 1.0 X 1012 cm= (red
curve)), and fixing v = 1.0 X 10'® s7and 6 = 0.

As stated, Figure 9 shows the plasmon frequency dispersion of the systems under
study as a function of different charge carrier densities. This effect is very dramatic for the
frequency dispersion in all analyzed cases because increasing the charge carrier density
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leads to an increase in the plasmon frequency. Specifically, a noteworthy increase in fre-
quency is observed, from v =1.0 x 10'® s (black curves) to v =4.0 x 10 s (red
curves), of about 10 THz for 2D GNR arrays of 155 nm wide, ~15 THz for 270 nm wide,
~20 THz for 380 nm wide, and ~25 THz for 480 nm wide. This effect has also been cor-
roborated by TFDFT calculations on the eV scale [20,22], considering very narrow 2D GNR
arrays (w < 2 nm). As in the previously analyzed parameters, all the curves show a /g-
like plasmon dispersion independent of the charge carrier density or the ribbon width.

To inspect the central fact of the charge carrier density at N,, = 4.0 X 10** cm™ on
all systems under study, the maximum of the plasmon peak for selected q values are re-
ported in Figure S4a—d and Table 8.
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Figure 9. Plasmon frequency-momentum dispersion of 2D GNR arrays of interest, considering dif-
ferent values of charge carrier concentrations (Nop = 1.0 x 1012,2.0 X 10'2,4.0 X 102 cm™2): (a)
w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, and (d) w = 480 nm.

As observed, the maximum of the plasmon peak is found below 40 THz with a plas-
mon response from 6.72 to 21.26 THz for w = 155 nm (Figure S4a), from 8.87 to 28.06
THz for w = 270 nm (Figure 54b), from 10.53 to 33.29 THz for w = 380 nm (Figure S4c),
and from 11.83 to 37.42 THz for w = 480 nm (Figure S4d). These numerical results
demonstrate the important result of the 2D charge carrier density on the plasmon fre-
quency, particularly compared to N,p = 1.0 X 10'? cm=, where the plasmon frequency
dispersion is found below 15 THz (Figure 9, black curves).

Table 8. Maximum of the plasmon peak for selected momenta at Nop = 4.0 X 1012 ecm™2

Wiss (THZ) W70 (THZ) W3go (THZ) Wyso0 (THZ)
q1000 6.72 8.87 10.53 11.83
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2000 9,51 12.55 14.89 16.73
3000 11.65 15.37 18.24 20.50
Q2000 13.45 17.75 21.05 23.67
5000 15.04 19.84 23.54 26.46
6000 16.47 21.74 25.79 28.99
T7000 17.79 23.48 27.86 31.31
5000 19.02 25.10 29.78 33.47
5000 20.17 26.62 31.59 35.50
T10000 21.26 28.06 33.29 37.42

Regardless of the value of g, Table 9 shows that the combined effect of charge carrier
density and ribbon width increased the frequency by ~24% for systems from 155 nm to
270 nm, ~16% from 270 nm to 380 nm, and ~11% from 380 nm to 480 nm. The latter also
confirms that as the ribbon width increases, the effect on the frequency dispersion gradu-
ally becomes smaller (see e.g., Figure 10), suggesting that in graphene (or related 2D na-
nomaterials) the plasmon frequency should be even lower for w — co.

g= 1000 cm

— B=0°

3

= u=1.0x10"s"

2

G N,,= 4.0x10"2 ¢m
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<

ge]
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0 10 20 30 40

w/2m (THz)
Figure 10. Maximum of the plasmon peak (<40 THz) at ¢ = 1000 cm™ and N,p = 4.0 x 10*2

cm 2,

Table 9. Percentage variation in plasmon frequency by increasing ribbon width for selected mo-
menta and at N, = 4.0 X 1012 cm™2.

Ribbon Width (nm) q1000 (%) qs5000 (%) G10000 (%)
150 = 270 24.24 24.19 24.23
270 —» 380 15.76 15.72 15.71
380 — 480 10.99 11.04 11.04

Table 9 exhibits that the average change in the plasmon frequency rate vs. the width
variation, from the narrowest GNR (w = 155 nm) to the widest GNR (w = 480 nm), is
17.0% for ¢ = 1000 cm, 17.0% for ¢ = 5000 cm, and 17.0% for ¢ = 10000 cm-.
These results indicate a constant trend of the plasmon frequency as a function of the value
of q, suggesting a negligible effect of the combination of ribbon width and charge density
concentration at N,p = 4.0 x 1012 cm=.
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w/2m (THz)

4. Applications in Molecular Sensing of Aqueous Molecules

An important application, in terms of quantifiable examination, is the identification
of molecules in water because this medium produces high THz absorption (at 1 THz and
q = 240 cm™ [43]). Water obscures the response of molecules, leading to similar absorp-
tion features for different pure molecules. To disappear this interference, samples have to
be dried or the water medium must be replaced. Nevertheless, these strategies are not
possible to perform in all cases. Hence, novel materials with resonances in the water fre-
quency absorption regime could importantly improve the interactions between adherent
target molecules and incident THz waves, demonstrating practical applications in
(bio)sensing.

Figure 11 demonstrates the possibility of using 2D GNR arrays to address these is-
sues, by using N, = 1.0 X 10'* cm?, 6 =0, and v = 2.24 s.. Note that a high value of
the relaxation rate (v) is used to be able to achieve the desired frequency (1 THz) and
momentum (q = 240 cm™), demonstrating that GNRs with a high defect concentration
could be the best platforms for detecting pure molecules in water.

151
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Figure 11. (a) Plasmon frequency—-momentum dispersion (< 2 THz) for different ribbon widths
(155, 270, 380, and 480 nm). (b) Maximum of the plasmon peak for w = 155 nm for selected mo-
menta.

Specifically, Figure 11a demonstrates that molecules in water can be detected by us-
ing 2D GNR arrays of 155 nm wide (black curve), setting the possibility of assembling
enhanced THz biosensors to sense, for instance, human a —thrombin, whose resonance
peak is detected at about 0.9 THz [43]. To further emphasize this finding, Figure 11b con-
firms the existence of resonance modes in the same THz frequency of water at g = 240
cm™ (purple curve) and a —thrombin at ¢ = 229 cm™ (red curve).

More importantly, this exploratory application shows that 2D GNR arrays are excel-
lent platforms to support SP propagation at the THz scale (below 1 THz) and can be as-
sembled into more complex and compact devices, such as biosensors, for example, prism-
coupled biosensors [44], fiber-coupled biosensors [45], grating-coupled biosensors [46],
nanoparticle-coupled biosensors [47], plasmon-coupled emission biosensors [48], and sur-
face-enhanced Raman-scattering biosensors [49], as well as for THz band communications
(£ 1 THz) such as graphene-based plasmonic nano-transceivers [50] and graphene-based
plasmonic nano-antennas [51].
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5. Conclusions

Using a semi-analytical modeling approach and the group velocity of graphene, in
the present study, we explored the electronic and plasmonic properties of experimentally
realized GNRs organized in a periodic array within the terahertz scale (< 40 THz) by
considering free-standing models.

Although this approach shows obvious limitations such as the frequency (energy)
range of application and non-atomistic effects considered (nanoribbon edges), it allows
the analysis of trends of plasmon frequency dispersion in wide GNRs, for which an ab
initio approach is infeasible because of a large number of carbons. However, this approach
can be adapted for different studies or systems by simply estimating the charge carrier
velocity and recalculating the effective electron mass. Our results provide a complete pic-
ture of controlling the plasmon frequency and the frequency-momentum dispersion.

In particular, these plasmonic properties are strongly dependent on ribbon width
(155, 270, 380, 480 nm), charge carrier density (1.0 x 102 ecm?2, 2.0 x 10*?* cm=2, and
4.0 X 10'2 cm=), and electron relaxation rate (1.0 x 103 s, 2.0 x 10*® s, and 4.0 X
10'3 s1). Other factors such as Fermi level shift or temperature can be manipulated from
Equation (9) and used in Equation (4).

The main findings:
¢  The GNR systems considered show bandgap values of a few meV (~22 meV for w =

155 nm, ~13 meV for w = 270 nm, ~9 meV for w = 380 nm, and ~7 meV for

w = 480 nm).

e  Thebandgap values decrease as the ribbon widths increase, with a trend that follows
an exponentially decreasing behavior.

e  The increase in the ribbon width raises the plasmon frequency up to about 20 THz
for w = 155 nm and up to about 40 THz for w = 480 nm.

e  The combination of the ribbon width plus the electro-relaxation rate seems to be the
most critical aspect affecting the plasmonic properties because the plasmon fre-
quency is noticeably reduced and shifted to higher values of q.

e Forbidden plasmon regions can be observed by changing the electron relaxation rate
and plasmon excitation angle.

Additionally, we discuss the potential application in the molecular sensing of pure
aqueous molecules such as human «a —thrombin at very low frequencies (< 2 THz).

e  The study is restricted to this frequency regime because the water generates strong
THz absorption at 1 THz, which severely obscures the response of molecules.

e Two-dimensional GNR arrays of 155 nm wide seem to be interesting platforms to
solve this issue because these systems show resonance peaks in the same water fre-
quency absorption region.

e  Then, any biological molecule could be directly detected in water without altering
the sample via drying processes.

We emphasize again that the semi-analytical model is used to solve the obvious tech-
nical limitations of atomistic approaches when treating wide GNRs, which cannot be ad-
dressed with current calculators around the world. We further remark that these novel
features require experiments, in line with what has been reported here, for a correct tuning
of the input parameters of possible GNR arrays-based devices or other materials beyond
graphene [52].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/coatings13010028/s1, Figure S1: Bandgap (A) as a function of
the ribbon width (w), considering the charge carrier velocity computed by DFT-LDA (vg =
0.829 x 10% m/s) (Ref. [25] in the main text) and the conventional value widely used (vg ~ 10 m/s)
(Ref. [28] in the main text). Markers represent the GNR systems under study and continue lines are
the fitting curve using Equation 2 (in the main text).; Figure S2. Plasmon frequency (w/2m < 7 THz)
(using 6 =80, Nyp = 1.0 x 1012 cm?2, v = 1.0 X 103 s, and vy = 0.829 x 10 m/s) for selected
q values from 1000 to 10,000 cm™, with different ribbon widths: (a) w = 155 nm, (b) w = 270 nm,
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