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Electronic transport in penta-graphene nanoribbon devices
using carbon nanotube electrodes: A computational study
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Electronic transport properties of pristine, homogenously and heterogeneously boron-nitrogen doped saw-tooth penta-graphene nanoribbon (SPGNR)
with carbon nanotube electrodes have been studied using Extended Huckel Theory in combination with the non-equilibrium Green’s function for-
malism. CNT electrodes produce a remarkable increase in current at higher bias voltages in pristine SPGNR. The current intensity is maximum
at higher bias voltages, while the nitrogen-doped model shows current from the onset of the bias voltage. However, there are also considerable
differences in the I-V curves associated with the pristine model and other models doped homogenously as well as heterogeneously with boron and
nitrogen. The doped models also exhibit a small negative differential resistance effect, with much prominence in the nitrogen-doped model. In
summary, our findings show clearly that doping can effectively modulate the electronic and the transport properties of penta-graphene nanoribbons
that have not been studied and reported thus far.
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1. Introduction

Carbon is one of the most interesting elements, having a number of allotropes like graphite, diamond, fullerene,
nanotube, C60 and graphene [1]. After the successful synthesis of graphene, significant research has been conducted in
characterizing carbon-based nanomaterials [2–5]. A large number of 2D carbon allotropes are being studied. Although
some of the polymorphs, such as graphdiyne, are metastable compared with graphene, they have been successfully
synthesized [6]. Some of the 2D allotropes of carbon are being researched for their interesting properties that are
an improvement on graphene, such as anisotropic Dirac cones, ferromagnetic nature, high catalytic behavior and
high superconductivity, due to the high density of states at the Fermi level [7–9]. These results reveal that the novel
properties of carbon allotropes are related to the topological arrangement of carbon atoms and thus highlight the
importance of structure-property relationships [10].

Carbon nanostructures are based on two important structural motifs, namely pentagons and hexagons. The
hexagon is the building block of zero-dimensional nanoflakes, nanotube, graphene, graphite and metallic carbon
phases [11–13]. Carbon materials composed of pentagons are rarely found. Carbon pentagons are generally known
as topological defects, or geometrical frustrations, as stated in the well-known “isolated pentagon rule” (IPR) for
fullerenes, where pentagons must be separated from each other by neighboring hexagons to reduce the steric stress
[14, 15]. For example, C60 is made up of 12 pentagons separated by 20 hexagons resembling the shape of a soccer
ball, explaining the IPR rule perfectly. In some examples, the existence of carbon pentagons is also accompanied by
carbon heptagons, which are separated from one another [14]. The synthesis of pentagon-based C20 cage has inspired
many researchers and considerable research has been done to stabilize pentagon-based and non-IPR carbon materials
of different dimensionalities [16]. Some non-IPR fullerenes have also been experimentally synthesized [15]. During
the growth of 2D carbon sheets, a “pentagon first” mechanism was brought into play in order to transform sp carbon
chains to sp2 carbon rings [17]. Therefore, we wanted to pursue the idea of building a penta-graphene carbon sheet
using fused pentagons as structural motivation. The dynamical, thermal, and mechanical stability of such a structure
has been confirmed in a series of publications [18–24]. Moreover, Zhang and coworkers [12] have reported the ther-
mal and mechanical stability of pentagon-based carbon nanotubes (CNTs). Additionally, Avramov et al. [25] have
reported the binding energy per atom for (n, n) penta-graphene based carbon nanotubes (CNTs), confirming that the
(7,7) penta-graphene based CNT is the most energetically stable structure. Pentagraphene is an attractive material for
optoelectronic applications, because it is a semiconductor with a quasi-direct band gap. Additionally, it has a reduced
thermal conductivity as compared to graphene and is an auxetic material which means it has a negative Poisson’s ratio.
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Furthermore, many properties of pentagraphene can be tuned by doping and functionalization, therefore it will be an
exciting material in the coming times.

In the present work, we investigate the electrical property of a new carbon allotrope, penta-graphene, consisting
entirely of pentagons, within the framework of Extended Huckel theory (EHT). As far as we are aware, we show for the
first time that the penta-graphene nanoribbon contacted with CNT electrodes exhibit higher current and conductance
values as compared to similar pristine pentagraphene nanoribbon (PGNR) with PGNR electrodes as reported by Tien,
et. al. [26]. Also, its boron-nitrogen doped versions sandwiched between two carbon nanotube electrodes exhibit
interesting electronic properties that are different than those reported in previous studies cited earlier. The current
paper is organized from here on as follows: Section II describes the models and methods employed in the study,
Section III presents the results and discussion, and concluding remarks are presented in Section IV.

2. Models and methods

In the present study, we have modeled a saw-tooth penta-graphene nanoribbon (SPGNR) based on a two-probe
system attached with two (4,0) zig-zag CNT electrodes using the Atomistic Toolkit (ATK) (version P-2019.03) soft-
ware and its graphical interface virtual nanolab [27], as shown in Fig. 1. CNT electrodes have been used in previous
research work designed to study the electronic properties of various devices [28].

FIG. 1. The computational model of SPGNR with CNT electrodes

In order to understand the behavior of the PGNR-based system for comparative studies, we substitutionally doped
the scattering region of the device with 4 atoms of boron and nitrogen, both homogenously and heterogeneously, as
illustrated in Fig. 2(a,b,c). In all simulated models, both electrodes consist of 16 atoms each, and the central scattering
region consists of 120 atoms. The central scattering region was taken as 30 Å and the length of the two electrodes
was set at 4.263 Å each. To overcome the scattering losses, 10% of the length of electrodes was considered as the
scattering region.

Here, we have based our hypothesis on the Non-Equilibrium Green’s Function (NEGF) formalism and used the
single particle approach based on the Landauer–Buttiker formalism to determine the current [29]

I =
2e

h

+∞∫
−∞

T (E, Vb) [f(E − µL)− f(E − µR)] dE, (1)

where T (E, Vb) is the transmission function at energy E and voltage Vb, and f(E−µL) and f(E−µR) are the Fermi
distribution functions of the left and right electrodes, respectively.

The models used in the study were simulated using Huckel parameters with an electrode temperature of 300 K.
The Density mesh cut-off was set to 55 Hartee. The set of k-points were chosen as 1, 1, 125 for appropriate sampling.
The maximum range for the interaction was taken as 10 Å and the Fourier2D solver was adopted as the Poisson solver
for the boundary conditions. The applied bias across the two electrodes was varied from 0 to 2 V in order to analyze the
current and the transmission spectra. Table 1 summarizes the calculation parameters used for the simulation associated
with the model.
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FIG. 2. PGNR models doped with (a) boron atoms, (b) nitrogen atoms, and (c) both boron and
nitrogen atoms
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TABLE 1. Simulation parameters associated with the model

Parameter Value

Calculator Semi Empirical
Formalism Extended Huckel Theory (EHT)

Density mesh cut-off 55 Hartree
k-point sampling 1× 1× 125

Maximum Steps 100
Step Size 0.01 nm

Poisson Solver Fourier2D solver
Electrode Temperature 300 K

Device Algorithm Formalism Non-equilibrium Green’s Function (NEGF)

3. Simulation results

All the proposed models were simulated in device mode using the ATK software and its graphical interface,
Virtual Nanolab, in order to study the transport properties and the effect of different doping atoms on the conductance
of the CNT contacted PGNR two-probe system. All of the structures were fully relaxed in order to make the residual
forces on each atom smaller than 0.05 eV/Å. In order to achieve the requisite results, we analyzed the projected device
density of states (PDDoS) and transmission spectra of all models and plotted the I-V curves and conductance curves
under different bias voltages. Fig. 3 shows the projected PDDoS of the proposed models. In case of pristine SPGNR,
the states of C atoms are almost non-existent in the energy zone, with a similar trend in all models doped with B. In the
case of N-SPGNR, new electronic states of N atoms are observed in the energy zone corresponding to the band gap of
the pristine SPGNR, and thereby reducing the band gap. This in turn also results in the change of the band structure
leading to a high current in N-SPGNR at low applied voltages. It is observed that the alteration in band structure is
mainly dependent upon the doped element and not on the electronic distribution from the dopants [30].

FIG. 3. Projected Device Density of States (PDDoS) for (a) B-SPGNR (b) BN-SPGNR (c) N-
SPGNR, and (d) Pristine SPGNR

Figure 4(a) shows the I–V curves of pristine, boron-doped, nitrogen-doped and heterogeneously boron-nitrogen
doped systems, respectively. The results show that the pristine SPGNR model produces the maximum current at
higher applied voltages, while the nitrogen- doped model produces a high current at lower applied voltages. Using
CNT electrodes results in a remarkable increase in current at higher bias voltages in pristine SPGNR, as compared
to other reports [26]. The possible mechanism for this behavior is due to the fact that the CNT exhibits a ballistic
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transport property and acts as an efficient charge injecting electrode in this model due to negligible contact resistance
associated with the C-C bonds of the CNT electrodes and the SPGNR scattering region. At higher applied voltages,
the charge transfer from the CNT electrodes is so high that a bandgap reduction takes place in the SPGNR, resulting in
high output current. For pristine, boron-doped and heterogeneously boron-nitrogen doped models, the current changes
slightly as the bias voltage increases from 0 V to 0.6 V. The current behavior of the pristine penta-graphene system
starts to increase at a bias voltage of 0.8 V, reaches its maximum at 1.6 V and then decreases afterwards. In the
boron-doped model, the first peak appears at 1.0 V, followed by a sharp increase in current reaching its maximum
value at 1.6 V and then decreasing to its minimum at 2.0 V. A similar trend is observed in the BN-doped model, where
the current starts to increase at 0.8 V, forming one peak at 1.4 V and then reaching up to the highest value at 1.8 V.
However, the current intensity in these three models is high with peak intensity of 13.774 µA in the pristine model.
On the other hand, the current intensity of the nitrogen-doped model increases linearly with the bias voltage from 0 V
to 0.8 V; the current then decreases at 1.0 V and subsequently increases again at 1.2 V and remains almost constant
with the rest of the bias voltage. This variation of current with the bias voltage is due to the difference in electronic
scattering of different dopant atoms. Nitrogen has five outer electrons, which means that it will have free electrons in
the doped penta-graphene nanoribbon configuration; this in turn results in a high electron density, thereby explaining
the high value of current at low bias.

FIG. 4. (a) I–V curves of Pristine SPGNR, B-SPGNR, BN-SPGNR and N-SPGNR (b) Conductance
curves of Pristine SPGNR, B-SPGNR, BN-SPGNR and N-SPGNR

Figure 4(b) gives a comparison between the conductance of the proposed models, showing that the nitrogen-doped
model has a higher conductance at low voltages while the pristine model shows increased conductance at higher bias
voltages. It is important to mention here that penta-graphene is an indirect band-gap semiconductor with a band gap
of 3.25 eV and the electronic states near the Fermi level originate from the sp2 hybridized carbon atoms. The sp3

hybridized carbon atoms spatially separate the pz orbitals of the sp2 hybridized carbon atoms, which screens the full
electron delocalization leading to a finite bandgap. The non-dispersive partially degenerate valence bands give high
density of states near the Fermi level, thereby leading to high conductance.

In order to further understand the obtained I–V curves of the studied systems, we examined the transmission
spectra of the modelled systems at a bias voltage of 0.8 V, as shown in Fig. 5. T (E) almost remains unchanged
with the increasing bias voltage to 0.8 V. Nevertheless, there exist higher coefficients at the bias windows from 1.0 V
that leads to the current fluctuation. The outcomes show a strong influence of the transmitted spectrum on the I–V
characteristics of the two-probe system. In the nitrogen-doped model, it is observed that the transmittance peaks
are present in all the displayed voltages, as compared to other models, showing a strong impact of the transmission
spectrum on the I–V characteristics of the two-probe model.

Furthermore, our results show a small negative differential resistance (NDR) behavior in the doped penta-graphene
models. The NDR effect is most prominent in the nitrogen doped model. As the voltage is applied, the current arises
due to the electrons in the pertinent states and the transmission coefficient in the bias range. The transmission occurs
due to the electronic band-to -band tunneling, which is possible only when the bands are shifted in the order of the
semiconductor energy gap. In the present investigation, we are using the semiconducting penta-graphene nanoribbon
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FIG. 5. Transmission spectra of (a) pristine SPGNR, (b) B-doped SPGNR, (c) BN-doped SPGNR
and (d) N-doped SPGNR at a bias voltage of 0.8 V

and the nitrogen doping makes band-to-band tunneling feasible by appropriately shifting and aligning of the bands
with respect to the Fermi level, and thereby giving rise to the NDR region.

4. Conclusion

In conclusion, by analyzing the electronic and transport characteristics of pristine and doped penta-graphene
nanoribbons with CNT electrodes, we have observed that using CNT electrodes results in a remarkable increase in
current at higher bias voltages in pristine SPGNR as compared to other cited reports. Doping also significantly af-
fects the I–V characteristics and transmission spectra of the two-probe systems. Specifically, the operating voltage
of the nitrogen-doped model is significantly reduced as compared to the pristine, homogenously boron-doped and
heterogeneously boron-nitrogen doped models. Moreover, the results show that the magnitude of the current in the
pristine penta-graphene model is maximum at higher bias voltages. The behavior of the computed transmission spec-
trum completely matches the I–V characteristics. The small but perceptible NDR behavior is also observed in doped
penta-graphene models, especially in the nitrogen-doped model.
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