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A B S T R A C T

The electronic structures of the C and O-doped black phosphorene are investigated theoretically by using first-
principles density functional theory (DFT). The results show that they are all metallic. And the black phosphorus
nanotubes (BPNTs) rolled from the pure, C-doped and O-doped black phosphorene with different radii and
chiralities are also studied. C and O atoms substitute for P atoms enable the armchair BPNT to have a metallic
feature with several bands cross the Fermi level. Surprisingly, the number of the bands cross the Fermi level just
equals the number of dopant atoms. But for the zigzag BPNT, when the O atoms decrease to 4, no band crosses
the Fermi level and at which a minimal energy gap appears. Furthermore, the transport properties of two-probe
devices fabricated by the pure A24 and Z34 BPNTs together with the C-doped A24 BPNTs are investigated
theoretically. These calculated results show that the electronic transport properties of the A24 BPNT can be
significant changed by C dopant atom and vary with the number of the doped atoms. The current-voltage curves
of these BPNTs with C atoms substitute for P atoms present sinusoidal characteristics under low bias and ne-
gative differential resistance (NDR) properties. This study provides an effective route for tuning the electronic
structures of black phosphorene and BPNTs and thus the transport properties of their electronic devices. And the
unique properties of these black phosphorene and BPNTs also offer an inspiration for their subsequent experi-
ments.

1. Introduction

With the development of electronic device miniaturization, the
search for a new available low-dimensional material becomes more and
more urgent. Black phosphorene, a novel two-dimensional (2D) atomic-
layer material, has attracted tremendous attention owing to its high
carrier mobility and immense application potentials in the field of op-
toelectronic devices [1,2]. And few-layer phosphorene has been ex-
foliated from bulk black phosphorus (BP) successfully [1–3], which
further promoted the study on the black phosphene [4–7] and its de-
rivative structures, such as nanoribbons [3,8] and nanotubes [9,10].

Similar to the carbon nanotubes (CNTs), which can be seen as the
one-dimensional (1D) carbon materials curled from the graphene
[11,12], the BPNTs rolled from the black phosphorene have been pro-
posed recently and their electronic structure, optical properties,
thermal properties and stability have been studied widely [13–18].
Seifert et al. [13] reported that the BPNTs rolled from the black phos-
phorene with diameters above 12.5 Å are stable. Afterward, using
density functional theory (DFT) calculations, Cabria et al. [14] sug-
gested that the single-walled phosphorus nanotubes are more stable

than the corresponding strips and showed the possibility of synthesis of
phosphorus nanotubes. But the structures of these BPNTs used in the
early studies are actually blue phosphorus nanotubes (Blue PNTs)
[15,19]. More importantly, Guo et al. [20] have made a great step
forward in this field and found that BPNTs are direct gap semi-
conductors affected by the tensile strain and transverse electric field,
regardless of their chirality. Cai et al. [19] investigated the thermal
vibration of atoms on the stability of BPNTs using molecular dynamics
method, and showed that BPNTs could work at a lower temperature.
Subsequently, they studied the strength and stability of a BPNT under
compression and found that BPNT with lower axial strain can still be
stable at a higher temperature [20]. Much work has also confirmed the
structural stability of the BPNTs rolled from the black phosphorene
with larger diameters or at a lower temperature [16,21,23,24]. Sorkin
and Zhang [17,18] studied the mechanical properties of BPNTs and
found that their deformation and failure are anisotropic and diva-
cancies in AC PNTs, monovacancies in ZZ PNTs possess the lowest va-
cancy formation energy, which decreases with the tube diameter in AC
PNTs and increases in ZZ PNTs. These discoveries provide guidelines for
the design BPNT nanodevices.
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Despite these great deals of theoretical efforts, there are still some
unsolved problems regarding the black phosphorene and the single wall
black phosphorus nanotubes (SWBPNTs) derived from it. For example,
the effect of vacant and dopant atoms on the electronic structures of
these tubes are still lacking. Generally, the doping of the dopant atoms,
such as C and O, was used to change the electronic structure of the
black phosphene and modify its properties [25–29]. More significantly,
however, controlling the electronic structures of nanomaterials is of
great importance to their application in the optoelectronic field.

In order to explore how the dopant atoms affect the electronic and
the transport properties of black phosphorene and BPNTs (rolled from
it), we investigate the electronic structures of the C- and O-doped black
phosphorene together with the pure, C-doped and O-doped BPNTs with
different diameters and chiralities.

2. Computational method

The structure optimization of the pure and substitutional doped
black phosphorene together with their electronic structure calculations
are performed by using generalized gradient approximation (GGA) [30]
with Perdew-Burke-Ernzerhof (PBE) [31] type parameterization based
on density functional theory (DFT). Upon optimizations, the forces on
all atoms are less than 0.05 eV/Å. All the large-diameter SWBPNTs are
rolled from the optimized black phosphorene. The quantum electronic
structures of these large-diameter BPNT unit cells are calculated using
the self-consistent-charge density-functional tight-binding (SCC-DFTB)
method [32–34] implemented in the ATK-Semi Empirical (ATKSE)
Slater-Koster codes [35]. It is worth mentioning that DFT in GGA
functional (such as the PBE functional) and the DFTB tend to under-
estimate the energy gaps. This may ultimately be attributed to their
inherent lack of derivative discontinuity and delocalization error. Much
effort has been devoted to resolve this problem, such as using the GW
approximation or hybrid-DFT methods (such as HSE06). And the GW
method yields a qualitatively correct trend toward the band gap
opening, the HSE06 or GW results should be more reliable than the PBE
to obtain the electronic and mechanical properties correct in phos-
phorene [36,37]. But the DFTB seems to be well suited for the treat-
ment of the class of the large systems investigated in this work. The
vacuum layers of the black phosphorene and BPNT supercells are set as
15 Å to avoid any interactions between the adjacent images. The den-
sity mesh cut-off for the electrostatic potentials is 75 Hartree. The
electron temperature is set to 300 K. The 51× 51×1 and
1× 1×100 k points sampling in the Brillouin zone are used in 2D
black phosphorene and 1D BPNT computations, respectively. And the
electronic structures are analyzed by calculating their density of states
(DOS), band structures and bloch states.

Non-equilibrium Green’s Function (NEGF) and DFTB method are
used to calculate the transport properties of two-probe devices com-
posed of the single-wall BPNTs.

The device current I is described by the Landauer-Buttiker equation
[38]:
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where e and h are the electron charge and the planck constant respec-
tively, f1,2(E) is the Fermi Dirac function of source and drain electrodes
and T(E,V) is the measure of probability of electrons transmit from the
source to the drain contacts through the BPNT device which can be
shown as:
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where G and G† are the retarded and advanced Green functions of the
conductor part and Γ2 and Γ2 are the coupling functions to the left and
right electrodes.

3. Results and discussion

The atomic structure of 2D black phosphorene is depicted in
Fig. 1(a), the crystal structure is orthorhombic and the calculated lattice
constants of the unit cell are a= 3.306 Å and b=4.552 Å in the zigzag
and armchair directions, respectively, in good agreement with the ex-
perimental value [39]. The PeP bond lengths are 2.22 and 2.26 Å. It
can be drawn from the band structure that the pure black phosphorene
is a semiconductor with a band gap of 0.98 eV based on GGA calcula-
tions, which is consistent with previous reports [6,40,41].

Moreover, dopant atoms are often unavoidable in 2D nanomaterials,
and their electronic properties can be drastically altered by atomic
doping. We thus calculate the band structures of the black phosphorene
with vacancy and substitutional impurity atoms.

Fig. 1. Schematic illustrations and band structures of the (a) 2D black phos-
phorene, (b) C-doped and (c) O-doped black phosphorene with GGA-PBE
functional. Y, G and X in the band structure correspond to the (0, 0.5, 0), (0, 0,
0) and (0.5, 0, 0) k-points, respectively, in the Brillouin-zone. The horizontal
dashed line marks the Fermi level (the zero of the energy axis in these plots).
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