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1 Introduction

Theoretical investigation of width effects in the
electronic and transport properties of carbon
nanoribbons with 5-8-5 carbon rings: a
first-principles study+

Elder Augusto Viana Mota, (2 *2® Carlos Alberto Brito da Silva Jr & ¢ and
Jordan Del Nero

In this work, we theoretically investigated the effect of width on the energetic stability, and structural,
electronic and transport properties of five carbon nanoribbons (three zigzag and two armchair) with
5-8-5 carbon ring symmetry based on 2D POPGraphene, to understand how the width can tune their
features and to suggest possible applications in nanoelectronics. Our study was conducted via Density
Functional Theory (DFT) implemented in the SIESTA package, to compute the energetic, structural, and
electronic properties, and DFT combined with the non-equilibrium Green's function, to compute the
transport properties. The results show that all the nanoribbons are stable, with cohesive energy values in
the range of those of several carbon allotropes. Furthermore, we see that the stability increases with the
width, strongly depends on edge terminations (penta-rings improve stability), and reaches values similar
to those of 2D POPGraphene. The structural properties show that the width effect associated with edge
shape acts like a uniaxial tensile strain application in most of the nanoribbons. The electronic properties
show that most of the nanoribbons are metallic, except for the two armchair cases, which have a tiny
indirect bandgap. We see that the armchair cases have several sub-bandgap regions that trigger
negative differential resistance in devices, and this possibly suggests applications in optoelectronic
devices. These regions decrease with increasing width. The transport properties show that the zigzag
devices in general have Field Effect Transistor (FET) or Resonant Tunneling Diode (RTD) behaviour, and
the armchair ones show FET, RTD and Zener diode behaviour. Therefore, the width of a carbon
nanoribbon can be used to adjust its features, which consequently suggests several applications of this
kind of material in nanoelectronics.

features, such as massless behaviour of its electrons, high
thermal stability, and the quantum Hall effect.® However,

Carbon allotropes are frequently applied in the areas of science
and technology due to their great properties, such as thermal
stability, mechanical resistance and the quantum Hall effect."™
Among the carbon allotropes predicted so far, graphene has
attracted special attention since its experimental achievement
in 2004 by Geim and Novoselov.” Graphene is a 2D carbon
allotrope with sp® hybridization, and presents interesting
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despite all these outstanding features, due to its hexagonal
symmetry and lack of a band-gap, the application of graphene
in Li-ion batteries and nanoelectronics is difficult.”*°

Several researchers have been searching for new 2D carbon
allotropes with other ring symmetries, to break the hexagonal
symmetry of graphene and uncover new properties."'™* For
instance, in 2015, Fan et al. proposed a family of 2D carbon
allotropes with 5-, 6-, and 8-carbon rings named a-, -, and y-
PHOGraphene (Penta-Hexa-Octa-Graphene).'® With different
properties to graphene, these carbon allotropes present metal-
lic or semiconducting behavior, depending on the arrangement
of the 5-, 6-, and 8-carbon rings, and have possible applications
as anode materials in Li-ion batteries.'”

We also cite the work of Wang et al.'® in 2019, which proposed
a carbon allotrope with 5-, 6-, and 8-carbon rings named XGra-
phene. Different from graphene, this carbon allotrope presents a
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negative Poisson ratio, which suggests applications in the field of
auxetic materials."*?°

Besides the interest in 2D carbon materials, several works have
also been investigating the properties of carbon nanoribbons,*'*>
mainly for applications in nanoelectronics.”>>* Such materials are
interesting because they have a large range of modification
methods that can be implemented to tune their properties®® >
and consequently their device behavior and applications.

For instance, in 2014, Dai et al.>® proposed and investigated
carbon nanoribbons based on TGraphene, a 2D carbon allo-
trope with 4- and 8-carbon rings.*® In their work, they investi-
gated the influence of the edge shape on the electronic and
transport properties of this kind of nanoribbon, showing that
zigzag nanoribbons present a metallic behavior, and armchair
ones present a number of Dirac cones depending on the
nanoribbon width.

In 2015, Yuan et al.>" investigated the edge-shape effect in
carbon nanoribbons based on the PHAGraphene structure.'®
They showed that the spin edge states are strongly dependent
of the edge configuration, suggesting applications for these
nanoribbons in spin valves.

In 2016, Rajbanshi et al.**> proposed a carbon nanoribbon
based on a 2D carbon allotrope with pentagonal symmetry
and carbon atoms with sp®> and sp® hybridization, named
pentagraphene.>® Their work shows that these nanoribbons
are stable and mechanically flexible, tolerating up to 11.5%
axial strain. Furthermore, analysing the width effect, they saw
that wider nanoribbons show interesting charge separation,
and the band gap of the wider ribbons opens up the possibility
of a stable nanoribbon with a large band gap for applications in
optoelectronic devices.

Based on experimental evidence of a 5-5-8 defect line in
graphene sheets,**® Wang et al.®” conducted theoretical work
and predicted the existence of a 2D carbon allotrope with a 5-8-5-
carbon ring symmetry, named POPGraphene (Penta-Octa-Penta-
Graphene - POPG), which was predicted to have low energy and
possess great dynamic, thermal and mechanical stability. Due to
its great features, it was suggested to be applied as an anode
material in Li-ion batteries, with fast charge/discharge rates.

Since the prediction of POPG structures, several works have
investigated their properties and applications as nanotubes®®
and membranes,* analyzed the edge shape and hydrogen
edge passivation effect in the corresponding carbon nano-
ribbons,*>*" and also proposed analogous structures like
POP-nitro-graphene.”” However, the effect of width on the
electronic and transport properties of POPG nanoribbons has
not been investigated yet in the literature.

There are several works in the literature that strongly
suggest that the width can change the structural and electronic
properties of a nanoribbon.>******* For instance, Bang et al.**
conducted experimental work in 2018, where they investigated
the width effect in graphene nanoribbons. In their work, they
designed Field Effect Transistors (FETs) based on graphene on
Si substrates, for several widths, and demonstrated (for
instance) that the on/off current ratio is inversely proportional
to ribbon width.
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Since carbon nanoribbons are interesting materials with
promising applications in nanoelectronics, and a complete
investigation of all parameters that can change nanoribbons’
features are necessary to define the range of applications of
these materials, in this work we investigated the effect of width
on the electronic and transport properties of POPGraphene
nanoribbons (POPGNRs) to fully understand the possible appli-
cations of these materials in nanoelectronics. We first investi-
gated the feasibility of experimental achievement of these
nanoribbons via cohesive energy values, and then we analyzed
the effect of width on the structural, electronic and transport
properties of these materials.

2 Methodology

We proposed nanoribbons based on POPG structures. To
define them, we investigated all the possible different edge
configurations in the zigzag (zz) and armchair (ac) directions as
defined for the 2D POPG structure,’” using the same shape at the
top and bottom."" The chosen zz and ac cutting orientation is
also justified by the electronic properties (see Fig. 3 and 4 for an
insight), which show the same pattern in the zz and ac directions.
This approach lets us define five kinds of nanoribbons:
zzPOPGNR with a penta-ring edge shape bonded to one hydrogen
(zzPOPGNR-P1), zzPOPGNR with an octa-ring edge shape
(zzPOPGNR-O), zzPOPGNR with a penta-ring edge shape bonded
to two hydrogens (zzPOPGNR-P2), acPOPGNR with a penta-ring
edge shape (acPOPGNR-P), and acPOPGNR with a mix of
penta-rings and octa-rings on the edges (acPOPGNR-PO). The
width (W) of the nanoribbons was defined based on the octa-
rings (1 octa-ring = 1 unit of width), and the adopted nomencla-
ture was chosen based on this definition (see Fig. 1), for instance:
(N,W)zzPOPGNR-P1 means a zzPOPGNR-P1 type ribbon with
width W, replicated N-times in the periodic direction. In this
work, the width was varied from one (W = 1) to five (W = 5) for the
investigation of the structural and electronic properties, and from
one (W = 1) to four (W = 4) for the transport properties.

The nanoribbon unit cells were optimized using density
functional theory (DFT) methodology**™*” implemented in the
SIESTA package.*® A k-mesh of 65x1x1 was chosen to solve the
integrals in the Brillouin zone for the zz nanoribbons, and
25x1x1 for the ac ones, besides a mesh cutoff of 360 Ry for the
zz nanoribbons and 420 Ry for the investigated ac systems.

The Generalized-Gradient-Approximation (GGA) approach of
Perdew, Burke and Ernzerhof (PBE)*® was used to represent the
exchange correlation effects. The valence electrons were repre-
sented using the double-{-polarized basis set (DZP), and the
pseudopotentials of Troullier and Martins with Kleinman-
Bylander projectors were chosen to represent the inner ones.
An energy shift of 40 meV was set to define the pseudo atomic
orbital range.

The conjugated-gradient (CG) method was implemented to
optimize the unit cell until the force tolerance between the
atoms and the stress tensor component of the unit cell were
less than 0.005 eV A~' and 0.01 GPa, respectively.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 POPGraphene nanoribbons. (a) zzPOPGNR-P1, (b) zzPOPGNR-O, (c) zzPOPGNR-P2, (d) acPOPGNR-P and (e) acPOPGNR-PO. Colored carbon
atoms highlight the edge shape of the nanoribbons. The dashed rectangle in (a)—-(e) delimits the nanoribbon unit cell and the numbers (1 to 5) represent

the nanoribbon width (based on the octa-rings).

The electronic transport was conducted using the non-
equilibrium Green’s function method combined with DFT in
the TranSIESTA package.”>> The molecular device was
designed using a two-terminal model (source = left lead and
drain = right lead), with two unit-cell replications for the left
and right leads, besides five replications for the scattering
region, in the zigzag cases (nine unit cells in total - (9,W), see
Fig. 5(a), 6(a), and 7(a)), and one unit cell for the left and right
lead, besides three unit-cell replications, for the armchair ones
(five unit cells in total - (5,W), see Fig. 8(a) and 9(a)).

A bias voltage was applied in the range of —1.0 V to 1.0 V,
and the transport properties were obtained with the TBTrans
tool from the SIESTA package, using the Landauer-Biittiker
formalism:>?

1) = g VB ) B m)TEVIE, @)

HR

where, in this equation, I(V) is the electronic current, uyx
is the chemical potential of the left/right lead, and f(E,u,r) is

This journal is © The Royal Society of Chemistry 2024

the Fermi-Dirac distribution of the left/right electrode,
given by:
1
TE mr) =Tt (2)

T(E,V) is the transmission coefficient which contributes to the
transport (transmission peaks inside the bias window (for
instance, see Fig. 5(h) for an insight)), given by:

T(E,V) = TH{I'1(e)G' (¢)r(€)G(e)] ®3)

where I'yy(¢) describes the coupling with the right/left lead,
G(e) is the Green function of the scattering region, and G'(¢) is
its self-adjoint.

3 Results & discussion
3.1 Energetic stability and structural properties

The width confinement could generate instabilities in the
structures, since the atoms on the edges have a degree of
freedom in the tailored direction. Thus, to verify that the

J. Mater. Chem. C, 2024, 12,1459-1473 | 1461
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Fig. 2 Cohesive energy as a function of width for the investigated
nanoribbons.
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investigated nanoribbons in this work are energetically
stable, we first calculate the cohesive energy (E..n) by the
equation:

Etot —ncEc — nuEn

Econ = 4
coh nc + ng 4)

where Er, is the total energy of the unit cell of the nanoribbons
after relaxation (optimization), ncy is the number of carbon/
hydrogen atoms in the nanoribbon unit cell, and Ecy is the
energy of one isolated carbon/hydrogen atom.

The results for all the investigated nanoribbons are presented
in Fig. 2, where we can see that all the proposed nanoribbons are
stable, since all energies obtained are negative. Furthermore, we
see that zzPOPGNR-P1 is remarkably the most stable among
them, for all widths, with highly negative values in the range of

Table 1 Lattice constant (L,) for all investigated nanoribbons (NRs)

View Article Online
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approximately 8.08 eV/atom to 8.59 eV/atom (variation of 0.51 eV/
atom - AE.,, = 0.51 eV/atom), followed by acPOPGNR-P, which has
an energy range of approximately 7.39 eV/atom to 8.31 eV/atom
(AEcn = 0.92 eV/atom). The zzPOPGNR-P2 and acPOPGNR-PO
cases have approximately the same energy for N > 3, but
zzPOPGNR-P2 is more stable than acPOPGNR-PO for N < 2.
zzPOPGNR-O is the least stable nanoribbon, with an energy
variation between —6.63 eV/atom and —8.21 eV/atom (AE.n =
1.58 eV/atom).

We can also see that zzPOPGNR-P1 has minor energy varia-
tion with the width increase (stable behavior), since it shows a
small change of 0.51 eV/atom from N =1 to N = 5 in relation to
the other nanoribbons, which show variation of about 1.0 eV/
atom. Furthermore, these results strongly suggest that the most
stable nanoribbons are those with penta-ring termination,
since they have minor E}, values.

These results are in good agreement with the literature for
carbon nanoribbons,*'*? showing that they are, for instance,
more stable than some of the proposed tetragraphene nanor-
ibbons in the work of Vasconcelos et al.*®

The structural properties that minimize the total energy
(which was used to calculate the E, presented in Fig. 2) are also
different from the bulk POPG parameters due to the width effects.
Thus, we analyzed the effect of width on the bond length and lattice
constant of all nanoribbons investigated; these are presented in
Tables 1 and 2 (lattice constant and bond length, respectively).

Table 1 shows that for the zz cases, all lattice-constant values
are higher than the POPG bulk value (a = 3.6833 A).>” We see
that zzPOPGNR-P1 (second column in Table 1) has lattice-
constant values closest to the bulk value and zzPOPGNR-P2
(fourth column in Table 1) has the most distant ones.

For the zzPOPGNR-P1 case, the lattice constant remains
approximately constant (with just a small variation in the third
decimal place for the N = 2 and N = 3 cases) with the width
increase. This is in good agreement with the cohesive energy
results (Fig. 2), which show a small energy variation with the
increase in the width. For the zzPOPGNR-O (third column in

Lattice constant (A)

NR zzZPOPGNR-P1 zzPOPGNR-O zzZPOPGNR-P2 acPOPGNR-P acPOPGNR-PO
N=1 3.7138 3.7674 3.9282 9.2709 9.3128

N=2 3.7124 3.7382 3.8393 9.2482 9.2075

N=3 3.7127 3.7300 3.8079 9.2079 9.2345

N=4 3.7138 3.7261 3.7884 9.1942 9.2139

N=5 3.7132 3.7242 3.7732 9.1827 9.1951

Table 2 Bond length variation for all investigated nanoribbons (NRs)

Bond length (A)

NR zZPOPGNR-P1 zZPOPGNR-O zZPOPGNR-P2 acPOPGNR-P acPOPGNR-PO
N=1 1.407-1.479 1.409-1.458 1.356-1.517 1.389-1.477 1.403-1.511
N=2 1.407-1.481 1.397-1.477 1.341-1.486 1.395-1.490 1.400-1.480
N=3 1.404-1.480 1.396-1.472 1.337-1.481 1.400-1.479 1.388-1.487
N=4 1.405-1.479 1.393-1.470 1.411-1.478 1.402-1.476 1.389-1.483
N=5 1.406-1.480 1.394-1.471 1.330-1.473 1.400-1.476 1.389-1.475
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Table 1) and zzPOPGNR-P2 cases, we see that the values decrease
with the width increase, tending towards the bulk values. These
results show that the zzP1 edge shape does not drastically change
the material structure for all the widths, but for the zzO and zzP2
edge-shape case, the width effect acts like uniaxial tensile strain
application in the nanoribbon, since the nanoribbon lattice
constant increases (relative to the 2D POPG) for lower widths.
This effect is more remarkable in the zzP2 case.

For the ac cases (fifth and sixth columns in Table 1), we see that
the values are higher than the POPG bulk value (b = 9.1124 A).>’
We can see that acPOPGNR-P has values closest to that of the
bulk and that in general, the lattice parameters for both ac types
decrease, tending towards the bulk values (except for
(1,3)acPOPGNR-PO, which shows an increase with the width
increase). These results show that the edge shape with the width
effect acts like uniaxial tensile strain application, since the
nanoribbon length increase for lower widths. This effect is more

(a) (b)
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pronounced for the acPO nanoribbons than for the acP ones,
since we have lattice-constant values that are more distant from
the 2D POPG case for this kind of nanoribbon.

We can see from Table 2 that there is not a great change in
the bond length range with the increase in width for each kind
of nanoribbon, since there is just a small difference between
the minimum and maximum values. The zzPOPGNR-P1 type
has a medium bond length variation in the range of approxi-
mately 1.406 A to 1.480 A, for the zzPOPGNR-O type it is in the
range of 1.398 A to 1.470 A, for zzPOPGNR-P2 it is in the range
of 1.355 A to 1.487 A, for acPOPGNR-P it is in the range of
1.397 A to 1.480 A, and for acPOPGNR-PO it is in the range of
1.394 A to 1.487 A. We can see that these bond length results
explain the lattice-constant values, including the abnormal
value for the (1,3)acPOPGNR-PO case, since they show that
the nanoribbon lattice constant increases (against the decreas-
ing tendency for the other nanoribbon widths for this type) due

(c) (d) (e)
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Fig. 3 Electronic properties of zigzag POPGNR. From (a)—(e) we have zzPOPGNR-P1, from (f)-(j) zzPOPGNR-O, and from (k)-(o) zzPOPGNR-P2. The

horizontal dashed line represents the Fermi level, which was set as zero.
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to the increase (of 0.007 A) in the bond length for this
nanoribbon width. Furthermore, we see that these results show
that the structures are in an sp>like configuration and are in
good agreement with the literature for carbon allotropes.****

3.2 Electronic properties

To analyze the effect of the edge shape and quantum confine-
ment on the electronic properties, we plot the band structure
(BS) and the density of states (DOS) for all the nanoribbons
(Fig. 3 and 4).

3.2.1 zzPOPGNR-P1. Fig. 3(a)-(e) show the BS and DOS for
the zzP1 nanoribbon case. We see from this figure that all
nanoribbons of this kind are metallic (this can be seen via a
non-zero DOS value at the Fermi level) and that the increase in
width increases the number of steep bands in the valence and
conduction regions for these nanoribbons. The BS can be divided
into two regions by the red-coloured bands: one above (region I)
and one below (region II). The width increase adds two bands for
each width unit: one steep band that arises in the conduction
region at the I'-point and gets to the X-point next to the Fermi
level until the conduction region (region I), and one partially-
filled steep band that arises in the conduction region at the
I'-point and crosses the Fermi level close to the I'-point then stays
in the valence region (region II). We can also see that the bands
get to the X-point at three distinct points: one around 0.10 eV,
close to the Fermi level (bands from region I), one at about
1.20 eV (red band) and one around 0.20 eV (bands from region II).

Furthermore, we see that the red-colored bands are Dirac
bands in the (1,1)zzPOPGNR-P1***** case, and that these

(a) (b)
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bands become flat and degenerate close to the X-point for the
other zzPOPGRN-P1 cases, leading to an intense DOS peak.

3.2.2 zzPOPGNR-O. For the zzPOPGNR-O case, we see from
Fig. 3(f)-(j) that all the nanoribbons are metallic, since there are
several steep bands crossing the Fermi level from the conduc-
tion region to the valence region, generating partially-filled
bands; this can be seen via a non-zero DOS value at the Fermi
level. Fig. 3(f) shows the BS and DOS for (1,1)zzPOPGNR-O, and
we see that there are only three bands around the Fermi level,
presenting two Dirac bands (red bands).

The BS and DOS for (1,2)zzPOPGNR-O are shown in Fig. 3(g),
where we see that two inter-crossing bands (purple bands)
arise, which cross each other at two points (close to the Fermi
level and next to the X-point), becoming approximately degen-
erate after the second crossing point. These bands open the Dirac
band presented in Fig. 3(f) and divide the BS into three regions
that get to the X-point at three different points in the valence
region: approximately at —0.45 eV, —2.40 eV and —3.00 eV, where
at the second point (—2.40 eV), the DOS is almost zero.

In Fig. 3(h), for the (1,3)zzPOPGNR-O system, we see that we
have two new steep bands: one in the conduction region and
one that arises at the I'-point in the conduction region near the
Fermi level, but crosses the Fermi level and intercepts the X-
point in the valence region. The new band in the conduction
region moves the bands below it and two of these bands
become Dirac bands (red bands). The new bands divide the
BS into four regions, one above and three below the Fermi level,
that get to the X-point at approximately four points: one at
approximately 0.20 eV (point I), one around —0.30 eV (point II),

(c) (d) (e)
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one around —2.20 eV (point III) and one around —3.00 eV (point IV)
(this pattern remains for the (1,4)zzPOPGNR-O and (1,5)zzPOPGNR-
O). The purple bands that emerge in Fig. 3(g) become degenerate in
the valence region, from 1.00 eV to —0.40 eV and from —1.90 eV to
—2.20 eV.

In Fig. 3(i), we see for (1,4)zzPOPGNR-O that we have three
new bands around the Fermi level, two steep bands (one that is
in the conduction region (point I)) and another that arises at
the I'-point in the conduction region, but crosses the Fermi
level and gets to the X-point in the valence region (point III).
There is also a new band in the valence region at the frontier of
the interval (point IV). The band in the conduction region
(which gets to the X-point at point I) makes the red bands
move closer next to the X-point and renders them flat and
degenerate, generating a high DOS peak. The band that crosses
the Fermi level (which gets to the X-point at point III) generates
a double steep band with degeneracy in the valence region from
—0.40 eV to —1.00 eV.

For (1,5)zzPOPGNR-O, we see in Fig. 3(j) that we have two
new steep bands, one in the conduction region (which gets to
the X-point around point I) and one that arises in the conduction
region at the I'-point, crosses the Fermi level, and gets to the
X-point in the valence region (around point III). The band in the
conduction region moves the bands below it toward the Fermi
level, generating a partially-filled band that crosses the Fermi level
close to the X-point and squeezes the red bands higher around the
X-point, increasing the intensity of the DOS peak at this point. The
second new band generates a triple steep band with degeneracy
from —0.40 eV to —1.80 eV in the valence region.

In general, we see that zzPOPGNR-P1 (Fig. 3(a)-(e)) has
greater conductivity than zzPOPGNR-O (Fig. 3(f)-(j)), since
there is an increase in the number of partially-filled bands,
i.e., bands that cross the Fermi level from the conduction to the
valence region. In the zzPOPGNR-P1 case, the inserted bands in
the conduction region move the bands toward the valence
regions more than in the zzPOPGNR-O case, and this generates
more occupied states. Furthermore, we see that the octa-rings
insert steep bands in the conduction and the valence region for
both nanoribbons, increasing the nanoribbon conductivity
with the width increase.

3.2.3 zzPOPGNR-P2. In the case of zzPOPGNR-P2, we have
presented the BS and DOS in Fig. 3(k)-(0). We can see from
these results that all the nanoribbons are metallic, since there
are conduction bands that cross the Fermi level in all cases, and
this can be seen via a non-zero DOS value at the Fermi level. We
can also see that the bands get to the X-point around two
different points: above and near the Fermi level at 0.30 eV
(point I - P;) and below the Fermi level at —2.30 eV (point II -
P;). Furthermore, in general we have three kinds of band:
bands that arise at the I'-point around 1.00 eV and are dis-
persive until the middle of the k-point interval, where they have
an inversion and get to the X-point at P; (band with inversion -
Biny); steep—flat bands (Bgeeep-r) that arise at the I'-point and
continue until around the middle of the k-point interval in a
steep manner and then become flat until they get to the X-point
at Pyy; and flat-steep bands (Bgac-s) that arise at the I'-point and
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continue until the middle of the k-point interval in a flat
manner, and then become steep until they get to the X-point
out of the analyzed energy range (—3.00 eV to 3.00 eV) (Fig. 3(1)).

For (1,1)zzPOPGNR-P2, we see from Fig. 3(k) that we have five
bands (By, By, By, Bry and By) around the Fermi level (between
—3.00 eV and 3.00 eV), and the bands are highly dispersive in the
conduction region. We can see that there is a direct sub-bandgap
of approximately 0.20 €V in the conduction region between B; and
By at the I'-point. By is under the Fermi level between 0.25 and
0.27 (in the k-point range) and is approximately flat after this
region, which generates two intense DOS peaks. By is flat in the
second half of the interval and By, is approximately flat in the
first half, just like By. These flat aspects generate high DOS peaks
at these points.

In Fig. 3(1), we see the BS and DOS for (1,2)zzPOPGNR-P2,
and we have two new bands around the Fermi level: one of the
B,y kind and one of the Bgeeep-r kind (which is degenerate with
By from 0.90 eV to —0.30 eV). Furthermore, we see that By
moves toward the valence region, becoming a partially-filled
band, and there is no longer any band on the top of Fermi level.
By moves toward the valence region and we still have a sub-
bandgap in the conduction region, but now it is indirect and
between B; and the new Bj,, band. The new sub-bandgap is
bigger (0.30 eV) than in the (1,1)zzPOPGNr-P2 case (0.20 eV).

For (1,3)zzPOPGNR-P2 (Fig. 3(m)) we see that there are two
new bands: one of the By, kind and another of the Bgeep-r
kind. Furthermore, we see that we do not have a sub-bandgap
region anymore, because the new By,, band moves the By,
inserted in (1,2)zzPOPGNR-P2 (Fig. 3(1)) toward the conduction
direction (far from the Fermi level). The By band is moved
toward the valence region, increasing the region below the
Fermi level, which increases its conductivity.

For the (1,4)zzPOPGNR-P2 and (1,5)zzPOPGNR-P2 cases (Fig. 3(n)
and (o)), we have the same behavior as for (1,3)zzPOPGNR-P2, with
the same new bands and band displacements.

We also can see that, different from the other zz cases in
which the bands were steep and less dispersive (Fig. 3(a)-(j)),
the bands in the zzPOPGNR-P2 case are in general dispersive,
except for the By, kind, which are dispersive in the conduction
region until the middle of the k-point interval, where they start
to converge to P; at the X-point.

3.2.4 acPOPGNR-P. In Fig. 4(a)-(e) we see the BS and DOS
results for all investigated widths of acPOPGNR-P. From these
results, we see that nanoribbon (1,2)acP has a semiconducting
behavior and the others have a metallic one, which can be seen
via the zero DOS at the Fermi level in the (1,2)acP case and non-
zero DOS for the other ones. Furthermore, we see that there are
several flat bands in these ac cases, which means that the
effective mass of electrons will be large and the electrons will be
moving slower than in the zz cases (due to the quenching of
kinetic energy).>*

The BS and DOS of (1,1)acPOPGNR-P are presented in
Fig. 4(a); the BS presents nine bands around the Fermi level
(—3.00 eV to 3.00 eV), and we have a flat band under Fermi level
that results in a high DOS peak. Furthermore, we see that there
are three sub-bandgap regions: two above and one below the
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Fermi level. The first sub-bandgap region is above approxi-
mately 2.25 eV; the second is direct and from 0.65 eV to 1.10 eV
(gap of 0.45 eV) at the X-point; and the third one is also direct
and from —1.00 eV to —1.40 eV (gap of 0.40 eV) at the I'-point.
We see that most of the bands are flat or quasi-flat in this case.

In the (1,2)acPOPGNR-P case (Fig. 4(b)), we see that the
nanoribbon has a semiconducting behavior with a very tiny
indirect bandgap of 0.053 eV. Furthermore, we see that we have
one sub-bandgap region above 2.60 eV, and three flat bands:
two above and around the Fermi level and one below it.

In the (1,3)acPOPGNR-P case (Fig. 4(c)), we see that we have
four flat bands: one above the Fermi level (at 0.50 eV) and three
below it, with two degenerate bands among them (at —0.80 eV),
one of which corresponds to a high DOS peak. Furthermore, we
see that we have three sub-bandgap regions, two above and one
below the Fermi level: one is above 2.60 eV; another is direct
and from 0.60 eV to 0.70 eV (gap of 0.10 eV) at the X-point; and
the third one is direct and from —1.00 eV to —1.40 eV (gap of
0.40 €V) at the I'-point.

For (1,4) and (1,5) acPOPGNR-P (Fig. 4(d) and (e)), we see
that the bands in the conduction region are dispersive and flat
around the I'-point and converge to small regions at the X-point
above Fermi level, crossing each other, while the valence bands
emerge from small regions at the I'-point and are dispersive
until they get to the X-point below Fermi level. There are some
valence bands that cross the Fermi level in both cases, and
some flat bands in the valence region.

We see that there is a direct sub-bandgap region in the
(1,5)acPOPGNR-P case, from —1.00 eV to —1.20 eV (bandgap of
—0.20 eV) at the I'-point. Comparing the acPOPGNR-P cases, we
see that the sub-bandgap in the valence region only appears for
odd numbers of octa-rings ((1,1)acP, (1,3)acP and (1,5)acP
cases); for the even ones ((1,2)acP and (1,4)acP), with the width
effect, two flat bands arise that converge at approximately
—1.40 €V (in the valence sub-bandgap region in the odd cases),
which generates a high DOS peak.

3.2.5 acPOPGNR-PO. For the acPOPGNR-PO case, we have
presented the BS and DOS results in Fig. 4(f)-(j), where we see
that most of the nanoribbons are metallic (this can be seen
from the non-zero DOS at the Fermi level), except for the (1,2)
case, which presents a very tiny bandgap and a zero DOS at the
Fermi level. Furthermore, we see that we have sub-bandgap
regions for all cases, in contrast to acPOPGNR-P, which only
has these for some nanoribbons. Also, we observe an increase
in the range of the sub-bandgap region (sub-bandgap values).

For the (1,1)acPOPGNR-PO case, we see from Fig. 4(f) that we
have 6 bands between —3.00 eV and 3.00 eV (around the Fermi
level), with four sub-bandgap regions: two above the Fermi level
(above 2.30 eV and between 1.40 eV and 2.00 eV (direct bandgap
of 0.60 eV)) and two below it (between —0.20 eV and —0.30 eV)
(direct bandgap of 0.10 eV) and between —2.10 eV and —2.30 eV
(direct band-gap of 0.20 eV). Furthermore, we see that we have
one flat band at —1.50 eV and two quasi-flat bands (one around
2.20 eV and another in the valence region around Fermi level).

For (1,2)acPOPGNR-PO, we see from Fig. 4(g) that its semi-
conducting behavior is given by a very tiny bandgap of 0.050 eV.
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Furthermore, we see that there is a remarkable direct sub-
bandgap region above the Fermi level (from 1.60 eV to 2.60 eV
(sub-bandgap of 1.00 eV)). We also have two sub-bandgap regions
below the Fermi level: one very tiny direct sub-bandgap of
0.048 eV close to the Fermi level and a wide sub-bandgap region
of 0.70 eV (from —0.30 eV to —1.00 eV). All these sub-bandgap
regions are corroborated by a zero DOS in the corresponding
region.

For (1,3)acPOPGNR-PO, we can see from Fig. 4(h) that the
bands start to cross each other close to the Fermi level. Most of
the bands are dispersive at the I'-point and converge to a range
between —1.20 eV and 0 eV at the X-point. In the valence region,
most of the bands are dispersive. Furthermore, we see that
there are three sub-bandgap regions, one in the conduction
region and two in the valence region: from 2.00 eV to 2.30 eV
(indirect sub-bandgap of 0.30 eV), from —0.80 eV to —1.00 eV
(indirect sub-bandgap of 0.20 eV) and from —1.80 eV to
—2.00 eV (indirect sub-bandgap of 0.20 eV).

For the (1,4)acPOPGNR-PO case (Fig. 4(i)), we observe the
disappearance of the sub-bandgap regions in the conduction
region. There are only two sub-bandgaps in the valence region,
which have lower values relative to those for the previous width:
one around —0.70 eV (direct sub-bandgap of approximately
0.050 eV) and another from —1.00 eV to —1.25 eV (indirect sub-
bandgap of 0.25 eV).

For the (1,5)acPOPGNR-PO case (Fig. 4(j)), we find the same
behavior as for (1,4)acPOPGNR-PO, but with lower sub-bandgap
values.

In general, we see for the acPOPGNR-PO case that the sub-
bandgap regions are disappear or have drastically lower values
with the increase of the nanoribbon width.

3.3 Transport properties

Fig. 5(a), 6(a), 7(a), 8(a) and 9(a) show the nanoribbon mole-
cular devices (for simplicity, we omit the prefix “POPGNR” in
the device notation, e.g. (9,1)zzPOPGNR-P1 = (9,1)zzP1). These
were designed using the (1,W) (with W from 1 to 4) nanoribbon
unit cell as a building block, replicating them nine times for the
zz cases (two for the left lead, five for the scattering region, and
two for the right lead) and five times for the ac ones (one for the
left lead, three for the scattering region, and one for the right
lead). Under bias application, we obtained and analyzed the
transport properties in terms of electronic current (I) versus bias
application (V) (I-V curve), differential conductance (d1/dV)
versus V and transmission (T) versus V spectra, and the energy
states (E) (T(E,V), where the Fermi level was set as zero) for all
the nanodevices.

3.3.1 (9,W)zzPOPGNR-P1 nanodevice. In Fig. S1(a) (see the
ESIt) we can see the general behavior of I with the increase of
W, and the results show that in general, I increases with the
increase of W. These results are corroborated by the differential
conductance of the molecular devices (Fig. S2(a) in the ESIT),
which shows an increase in the growth rate of the current.
Furthermore, these results are corroborated by the electronic
properties (Fig. 3(a)-(e)), which show that all nanoribbons of
this kind are metallic, with an increase in the number of steep
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Fig. 5 Transport properties of zzPOPGNR-P1. (a) Two-terminal molecular device of zzP1 nanoribbons (width from 1 to 4); (b)—(e) detailed /-V and (d//
dV)-V curves for each molecular device; (f)—(i) transmission spectra of zzP1 molecular devices (width from 1 to 4). The transparent black triangles in (f)—(i)
represent the regions outside the bias windows. Only transmission states inside the bias windows contributes to the transport.

bands crossing the Fermi level (and consequently an increase
in the conductivity) with the increase of the nanoribbon width.

Fig. 5(b) shows the I and dI/dV results for the (9,1)zzP1 case,
and we see that the molecular device has an approximately
ohmic behavior for lower bias values (from —0.20 V to 0.20 V),
with a saturation region in the middle (from +0.50 V to
£0.70 V), and there is a Negative Differential Resistance
(NDR)***” region at the end of the interval. Besides a NDR
region in the analyzed range, we have a current peak (Ipeai) of
87.59 pA at £0.70 V (Vpear), and a current valley (fyaiey) of 80.70
PA at £0.90 V (Vyaiey), with a Peak-to-Valley Current Rate
(PVCR) of 1.09.

These results are corroborated by the di/dV curve, which
shows a horizontal shape for the first region, tends to zero in
the second, and has negative values at the end of the interval.
Furthermore, both results are corroborated by the analysis of
energy states in the T(E,V) graph (Fig. 5(f)), which shows an
equal and intense contribution of states with positive and
negative energy around 0.00 V, a change in the contribution
to be more for positive energy values (light-blue region close to
the frontier of the bias window), and a suppression of these
states starting from £0.70 V, explaining the NDR region.

Fig. 5(c) shows the I and dI/dV results for the (9,2)zzP1 case.
We see that the molecular device presents two distinct ohmic

This journal is © The Royal Society of Chemistry 2024

regions (one between +0.10 V and another from +0.30 V to
+0.80 V), and these two regions are divided by a change in the
inclination of I (straight line, in these cases). These results are
corroborated by the dI/dV curve, which shows horizontal lines in
these two regions, and a drastic decrease in the dI/dV division
region. Furthermore, we see that both results are corroborated
by the analysis of the energy state (7(E,V) graph in Fig. 5(g)),
which shows a high transmission in the region between £0.10 V
(green region), and a decrease in the transmission states (light
blue region) that becomes constant, with only a small decrease
in the contribution at the frontier of the interval.

Fig. 5(d), (e), (h) and (i) show the (9,3)zzP1 and (9,4)zzP1
cases, respectively, and we see that the electronic transport
properties (I, dI/dV and T(E,V)) show a similar behavior to the
(1,2)zzPOPGNR-P1 case, but with higher values. Furthermore,
we see for all zzP1 cases that the main contributions from the
energy states in the 7(E,V) graph are due to positive energy
states, and most of these transmission peak regions are outside
the bias windows.

3.3.2 (9,W)zzPOPGNR-O nanodevice. Fig. 6 shows the trans-
port properties of the molecular device based on the zzPOPGNR-
O case. In Fig. S1(b) (see the ESIf), we see that the I values
increase with the increase of the nanoribbon width, and these
results are corroborated by the di/dV results, which show an
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increase in the growth rate of I (Fig. S2(b) in the ESIY).
Furthermore, we see that both results can be explained by the
transmission spectrum (7(E,V)), since it shows an increase in
the transmission peaks inside the bias windows. We can also
see that, different from the zzP1 case, the contributions for the
transmission peaks are higher for negative energy states for
W =1-3, and the major contributions change to positive ones in
the (9,4)zzO case.

For the (9,1)zz0 case, we can see from Fig. 6(b) that the
molecular device has an ohmic behaviour over almost all the
bias range (from —0.7 V to 0.70 V) and reaches a saturation
region from 0.70 V to 1.00 V. These results are corroborated by
the dI/dV curve, which shows a horizontal line from —0.7 V to
0.70 V, and a sudden decrease to almost zero, generating the
saturation region. These results can also be explained by the
transmission spectrum, which shows an equal contribution to
the transport by the states with positive and negative values,
but a suppression region in the positive energy states emerges
starting from 0.70 V, which causes the sudden decrease.

For the cases with W from 2 to 4 (Fig. 6(c)—(e) and (g)-(i)), we
see that I has the same behavior as in the (9,1)zzO case (quasi-
linear behavior for lower bias values and saturation of I at the
end of the investigated interval), but with an increase in values.
There are only small differences between the ohmic regions,
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which become smaller for W = 2 (between +£0.30 V) and W = 3
(between +0.10 V) and suddenly higher in the (9,4)zzO case.
These can be explained by the transmission spectra, which
show that in the (9,2)zzO and (9,3)zzO cases the transmission
peaks have a major contribution of the negative energy states,
in contrast to the (9,4)zzO case, which has a higher and equal
contribution of the states with positive and negative energy for
the region with ohmic behavior (from —0.7 V to 0.70 V).

These results are in good agreement with the electronic
properties, since they show that all the molecular devices have a
strong conducting behavior (quasi-linear behavior that happens
due to the steep bands crossing the Fermi level), but at the same
time, their conductivities are lower than in the zzPOPGNR-P1
case, which has a higher number of the steep bands crossing the
Fermi level than the zzPOPGNR-O case.

3.3.3 (9,W)zzPOPGNR-P2 nanodevice. Fig. S1(c) (ESIt)
shows the I values for the zzPOPGNR-P2 case, and we see that I
increases with the width increase, and these results are corrobo-
rated by the dI/dV curve, which shows an increase in the growth
rate of I (Fig. S2(c) in the ESIt). Both results are corroborated by
the electronic properties (BS and DOS), which show that all the
nanoribbons are metallic, but with a lower number of bands
crossing the Fermi level (besides the inversion bands in this
case), making the I values for the zzP1 molecular devices lower

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Transport properties of zzPOPGNR-P2. (a) Two-terminal molecular device of zzP2 nanoribbons (width from 1 to 4); (b)—(e) detailed /-V and (d//
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represent the regions outside the bias windows. Only transmission states inside the bias windows contribute to the transport.

than those for the other zz cases. We see that, just like zzP1 case,
the major contributions to the transmission spectrum are given
for states with positive energy, and like the other zz cases, most of
the transmission peaks are outside the bias window.

The Fig. 7(b) shows I for the (9,1)zzP2 case. We can see that /
has a quasi-linear shape for lower bias values, and this region
can be divided into two, according to the inclination of the I
graph (one region between +0.10 V, and another from £0.10 V
to +£0.50 V). I shows a saturation tendency from +0.5 V
to £0.7 V, and a decrease from +£0.70 V to £0.90 V. These
results are corroborated by the di/dV curve, which shows a hor-
izontal line between 40.10 V and from =£0.10 to £0.50 V, a sudden
decrease from £0.50 V to £0.70 V, and a NDR region from £0.70 V
to £0.90 V. Furthermore, besides a NDR region in the analyzed
range, we have Ipeac = 22.76 PA at Vpeae = £0.70 V and Iygpey =
22.36 PA at Wyayiey = £0.80 V, which give us a PVCR of 1.02. All these
results can also be understood using the transmission states, where
we can see that the higher conductance between +0.10 V is given
by a transmission peak (blue peak) inside the bias window in this
region. The saturation tendency and the NDR region are corrobo-
rated by a suppression region (purple region) that arises in the
region with negative energy values.

The other zzP2 molecular devices with higher widths present
transport properties (Fig. 7(c)-(e) and (g)-(i)) with a similar

This journal is © The Royal Society of Chemistry 2024

behavior to the (9,1)zzP2 case, but with an increase in the I,
dI/dv and T(E,V) values, reduction of the two ohmic regions
(starting from the (9,3)zzP2 case, where there is just one), and
the displacement of the NDR region, which moves to the end of
bias range.

3.3.4 (5,W)acPOPGNR-P nanodevice. The I results for the
acP case can be seen in Fig. S1(d) (see the ESIt), where we see
that we have a different behavior from the zz cases. In the acP
case, the (5,1)acP molecular device has higher I values than the
(5,2)acP case for most of the bias range (I values for the (5,2)acP
case are higher than the (5,1)acP ones only at the end of the
interval), ie., the I values do not increase with the width
increase. Furthermore, we see that for low bias values, the
(5,3)acP and (5,4)acP cases have almost the same I values. These
results are corroborated by the di/dV graph (Fig. S2(d), the see
ESIt), where we see that we do not have a regular increase in the
d1/dV values, different from the zz molecular devices. We can
also see that the transmission results do not have a regular
variation in the distribution of transmission peaks with the
increase of width, ie., in general, the transmission values
inside the bias windows increase, but not in a regular way.

For the (5,1)acP case, we see in Fig. 8(b) that I has an ohmic
behaviour between £0.20 V, shows a very small oscillation from
+0.20 V to £0.60 V (smoothly increasing and decreasing),
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represent the regions outside the bias windows. Only transmission states inside the bias windows contribute to the transport.

reaches a saturation tendency from +0.60 V to +£0.90 V, and
decreases at the end of the interval. This result is corroborated
by the dI/dV values, which show a horizontal shape between
£0.20 V, alternation between smoothly increasing and decreas-
ing from £0.20 V to £0.60 V, a sudden decrease from +0.60 V
to £0.90 V, and a NDR region at +1.00 V. These results are
corroborated by the transmission coefficients, which show an
equal contribution of the states with positive and negative
energy between +0.20 V (explaining the ohmic behavior), and
a decrease in the transmission peaks for high bias values, in a
region of negative energy at the frontier of the bias windows
(purple region), which explains the sudden decrease and the
NDR region.

Fig. 8(c) shows the I result for the (5,2)acP molecular device,
where we see that for lower bias values, the device shows a slow
increase (between +0.10 V), and then a huge increase (from
£0.10 to +0.90 V), followed by a decreasing region at the end of
the interval (+£1.00 V). These results are corroborated by the
dI/dV curve, which shows a low and horizontal line between
£0.10 V, a huge increase followed by a horizontal line from
£0.10 V to £0.90 V, and a NDR region at +1.00 V. Based on the
transmission coefficients, we see that the slow increase is due
to almost an absence of transmission states between +0.10 V,
followed by a rise in these starting from +0.10 V, and the NDR

1470 | J Mater. Chem. C, 2024, 12,1459-1473

region arises due to an increase in suppression states in the
negative energy state region inside the bias windows. The near
absence of states for the lower bias values happens due to the
tiny bandgap in the (1,2)acPOPGNR structure (Fig. 4(b)).

For the (5,3)acP molecular device (Fig. 8(d)), we see that I has
a linear behavior between +0.50 V, with two different inclinations:
one between £0.10 V and another minor one from +0.40 V to
+0.50 V. The molecular device reaches a small saturation region
from +0.50 V to £0.60 V and a decreasing region from +0.60 V to
£0.90 V, where it then starts to increase again. These results are
corroborated by the di/dV values, which show a horizontal line
between £0.10 V, a sudden decrease from £0.50 V to +0.60 V, and
a NDR region from £0.70 V to £0.90 V, with an inversion point at
£0.90 V. Furthermore, besides a NDR region in the analyzed
range, we have Ipeai = 44.58 PA at Vpear = £0.60 V and yapey = 33.16
A at Vyaniey = £0.90 V, which give us a PVCR of 1.34. These results
can also be understood via the transmission spectrum (Fig. 8(h)),
which shows the emergence of a suppression state region (purple
region) from +0.70 V to £0.90 V for both energy states (generating
the NDR region), and the emergence of state transmission at the
frontier of the bias windows, with negative energy values, which
results in the inversion point and increases in 1. Furthermore, we
see that the (5,4)acP molecular device (Fig. 8(e) and (i)) has a
similar behavior to that of (5,3)acP, but with a saturation region

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Transport properties of acPOPGNR-PO. (a) Two-terminal molecular device of acPO nanoribbons (width from 1 to 4); (b)—(e) detailed /-V and (d//

dV)-V curves for each molecular device; (f)—(i) transmission spectra of acPO
(i) represent the regions outside the bias windows. Only transmission states

from 40.40 V to +0.70 V, and a NDR from +0.70 V to +1.00 V,
with the disappearance of the inversion point.

We see that the I values are much lower than in the zz case.
These results can be understood via the BS/DOS results, which
show flat bands for this kind of molecular device system,
against steep bands more deeply crossing the Fermi level for
the zz ones.

3.3.5 (5,W)acPOPGNR-PO nanodevice. Fig. Si(e) (see the
ESIt) shows the I results for the molecular device based on the
acPO nanoribbons, and we can see that, like the other ac case,
there is not a regular behavior for the I values with the width
increase. The results for the (5,1)acPO case are higher than for
the (5,2)acPO case in some regions of the bias range. The same
behavior can be seen for the (5,3)acPO and (5,4)acPO cases.
These results are corroborated by the d7/dV values, which show
different growth rates among the systems in the bias range
(Fig. S2(e) in the ESIt).

The results for the (5,1)acPO molecular device are presented
in Fig. 9(b) and (f). We see from Fig. 9(b) that I shows a linear
behavior between +0.10 V, a saturation region from +0.10 V to
+0.30 V, and then an approximately exponential increase
starting from £0.30 V. These results are corroborated by the
d7/dVv values, which show a horizontal shape between +0.10 V, a
decrease followed by a stabilization from £0.10 V to +0.30 V,

This journal is © The Royal Society of Chemistry 2024

molecular devices (width from 1 to 4). The transparent black triangles in (f)—
inside the bias windows contribute to the transport.

and an intense increase starting from £0.30 V. Furthermore,
besides a NDR region in the analyzed range, we have Ipe,c =
1.23 pA at Vpeax = £0.10 V and Iygpey = 0.76 pA at Vigjiey =
£0.30 V, which give us a PVCR of 1.61. These results are in
agreement with the transmission states, since we see that the
increase after £0.30 V happens due to the emergence of a
region with high transmission (relative to this nanodevice) in
the positive energy states.

Fig. 9(c) and (g) show the results for the (5,2)acPO molecular
device, where we can see that I has the lowest values among those
of all investigated molecular devices in this work. Furthermore,
we see that I has a linear behavior between +0.20 V, two
saturation regions from +0.20 V to £0.30 V and from +0.40 V
to +0.80 V (separated by a fall between +0.30 V and +0.40 V), and
a decrease starting from +0.80 V. The results are in agreement
with the dI/dV curve, which shows a horizontal shape between
40.10 V and a sudden decrease from +0.10 V to +0.40 V, with a
NDR at +0.40 V, an increase with a quasi-horizontal shape from
£0.50 V to £0.70 V, and another NDR region starting from
+0.80 V. Furthermore, besides a NDR region in the analyzed
range, we have Ipeai = 2.86 A at Vpeae = £0.30 V and Iygjiey =
2.02 pA at Vygjey = £0.50 V, which give us a PVCR of 1.41. These
results can also be explained via the transmission spectrum,
which shows a very low value for all almost all the bias window,
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except for a line of peaks (blue points) that starts in the positive/
negative division region between +0.20 V, and proceeds only in
the negative energy region.

For the (5,3)acPO and (5,4)acPO cases, we see a similar
behavior to the (5,2)acPO ones, but with reduction of the
saturation regions (Fig. 9(d) for (5,3)acPO) and most of the
NDR regions for high bias values (Fig. 9(e) for (5,4)acPO). For
the (5,4)acPO case, besides a NDR region in the analyzed range,
we have Ipeak = 32.17 PA at Vpegi = £0.30 V and Iyajiey = 30.04 pA
at Vyarey = £0.40 V, which give us a PVCR of 1.07.

4 Conclusions

In this work, we conducted a first-principles investigation of the
effect of width on the features of five carbon nanoribbons
(three zz: zzP1, zzO and zzP2; and two ac: acP and acPO) with
5-8-5 carbon ring symmetry based on a 2D carbon allotrope
named POPG. We analyzed the stability using cohesive energy
results and structural results (in comparison with the literature
in this area), the electronic properties (via BS and DOS), and the
transport properties and possible molecular device applications
using 1, d7/dV and T(E,V) results.

The cohesive energy results and structural parameters show
that all the investigated nanoribbons are stable and feasible for
being experimentally obtained, since the cohesive energy results
are negative, and are in the range of those of several predicted
carbon allotropes (some already experimentally obtained), and
the bond lengths are in good agreement with those of carbon
allotropes in the literature. Furthermore, carbon ribbons with 5-
and 8-carbon ring symmetry have already been experimentally
obtained.**® Furthermore, the cohesive energy results show
that the penta-rings have a major role in nanoribbon stability
with the variation of the width (a generalization of the results
presented in ref. 41), since the nanoribbons with this edge
termination have the lowest E.,, values, and the zzP1 cases
have the lowest E, variation (AE.., = 0.51 eV/atom). Furthermore,
the structural results suggest that most of the nanoribbons
experience a uniaxial tensile strain application due to the edge
shape and width effect, but the width effect has a major role in this
phenomenon, since this uniaxial tensile strain effect increases
with the decrease of the nanoribbon width (quantum confinement
effect).

The transport results for the zzP1 case show that this kind of
nanoribbon has a strong metallic behavior, since in general we
have an ohmic and quasi-linear behavior in the analyzed
interval. The exception is for the (1,1)zzP1 case, which has a
tendency for a saturation region from +0.50 V to £0.70 V and a
NDR from £0.70 V to £0.90 V. These results indicate hybrid
molecular device behavior, which suggests applications that
resemble a FET in the range of —0.70 V to 0.70 V and a RTD
from £0.70 V to £1.00 V. These behaviors are lost with the
increase of the width ((1,2)zzP1 case or higher).

For the zzO cases, the transport properties show that in
general, the molecular devices have a quasi-linear ohmic beha-
viour for lower/medium bias voltage values, and have a saturation
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tendency at the end of the analyzed interval. These results
suggests that all these kinds of molecular devices have a behavior
that resembles a FET molecular device from —1.00 V to 1.00 V.
Furthermore, a similar behavior is observed for the zzP2 devices,
but with the rise of NDR regions at the end of the bias range.
Therefore a hybrid FET and RTD behavior is presented in
molecular devices based on this kind of structure.

For the acP and acPO cases, we see that the molecular
devices have several hybrid device behaviors, with a strong
dependence on the nanoribbon width. The (5,1)acPO device has a
hybrid behavior of a FET between +0.20 V, a RTD at +0.30 V (due
to the NDR region), and a Zener Diode (ZD) starting at bias higher
than +0.30 V. The same behavior is presented in (5,1)acPO, but
for a different bias range. For the other acP and acPO cases, we
have a hybrid behavior of FET and RTD in different operation
ranges.

Since in all the investigated cases most of the transmission
peaks are outside the bias windows, the use of a third terminal
(a gate, for instance) could be useful to shift them inside the
bias windows, which could improve the device operation.

Therefore, the results show that the zz molecular devices
have, in general, the behavior of a FET or RTD, and the armchair
ones have more interesting features, with FET, RTD and ZD
behavior, besides several sub-bandgap regions that can possibly
suggest applications as optoelectronic devices. Since these
kinds of nanoribbons have a large range of device behaviors
tuned by the width effect, these materials arise as an excellent
alternative for applications in nanoelectronics.
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