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Abstract: Due to its high carrier mobility and tunable bandgap, phosphorene has
been a subject of immense interest recently. Here we show using density functional
theory based calculations that black phosphorus (BP) nanotubes are achievable. The
electronic properties of BP nanotubes are explored. As contrast to its monolayer and
bulk counterparts, most BP nanotubes possess indirect band gaps. In addition, strong
anisotropic electronic behaviors are observed between zigzag and armchair
nanotubes. Semiconducting to semi-metallic transition occurs only for zigzag tubes
when its diameter shrinks to ~1.5 nm. The difference are strongly related to the bond
bending after forming the nanotubes which governs the s-p hybridization as well as
electron distribution in different p orbitals that eventually determines the electronic

structure of BP nanotubes.
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Introduction

Since the discovery of graphene, two-dimensional (2D) layered crystals with
atomic thickness have drawn increased attentions in recent years that may impact
future electronic technologies.!”” Many exotic physical and chemical phenomena
emerged at monolayer limit owing to the confinement of electrons and holes within
the 2D layer. Although graphene exhibit various interesting optical and electronic
properties, its intrinsic zero bandgap limits its technological applications. Recently,
monolayer black phosphorus (BP) or phosphorene was successfully exfoliated from
its bulk form which consists of stacked puckered 2D honeycomb layers and shows
excellent semiconducting performances.®!! For an isolated phosphorene the band
gap is in the range of 0.8 to 1.5 eV.8'? Interlayer interactions reduce the band gap
for each layer added and eventually set 0.3 eV for bulk BP.1%3 Bulk BP shows an
electron mobility of up to ~10,000 cm?/V! s and an on/off ratio up to 10* was
achieved for phosphorene transistors at room temperature.®!1®* The outstanding
electronic performances make phosphorene quickly become the subject of
significant theoretical and experimental investigations.!3-20

For real technologies applications, modifications and engineering are
generally applied to enhance the materials/devices functionalities. Especially for
new materials, great efforts are needed to explore its function enhancement in all

manner of possibilities. As well demonstrated for carbon families, the wrapping of

Page 2 of 21



Page 3 of 21

Physical Chemistry Chemical Physics

graphene can form carbon nanotubes which possess novel properties for a wide
variety of applications in nanotechnology, electronics, optics and other fields of
materials science. In addition, nanotubes have also been reported for various
inorganic compounds such as BN, TiO2,%? Zn0O?® and Mo0S,.2* In recent studies, it
was found that BP can withstand a tensile strain up to 30% 2° due to its small Young’s
modulus,?® which makes BP nanotubes worth of expecting. Indeed, in previous
studies, BP nanotubes have been theoretically shown possible.?’?° In addition,
observations of phase transition from semiconductor to metal*? and superconductor
under high pressure® indicate correlated phenomena play an important role in BP
under extreme conditions. Up to date, the knowledge of the electronic properties of
BP is very important which is still quite limited. In order to widen the range of
applications of phosphorene, it is necessary to further explore the correlation of its
structure engineering with the electronic modification.

In this work, we performed calculations based on a first-principles method
to predict atomic and electronic structures of BP nanotubes. In consistent with early
studies, our results suggest that the BP nanotubes are energetically achievable.?"?
To advance these studies, the aim of current work is to deepen the understanding of
the electronic structure variation of different kinds of BP nanotubes, namely,
different sized zigzag and armchair ones. It is found that semiconducting to semi-

metallic transition can be obtained in zigzag nanotubes. The electronic anisotropy is
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related to the s-p hybridization and p orbitals distributions especially in valley P

atoms which show significate effect on the phase transition and energy gap evolution.

In particular, the shift of p orbital at the bottom of conduction band are the key
factors to close the gap for BP nanotube. This finding provide a new platform for

low-dimensional electronics applications.

Calculation details

Our calculations are performed by using the Vienna Ab-initio Simulation
Package (VASP). The valence and core interactions are treated by the projected
augmented wave (PAW) method®* and the exchange correlation energy was
described by the generalized gradient approximation (GGA).*> The Kohn-Sham
orbitals were expanded in a plane-wave basis with a cutoff energy of 500 eV. The
Brillouin zone (BZ) was sampled by 8x1x1 (1>9x1) Monkhorst-Pack k-point grids
for zigzag (armchair) nanotubes. All atoms are relaxed and the final forces exerted
on each P atom are less than 0.005eV/A. The total ground state energy is converged

within 107 eV per atom.

Results and discussions
BP possesses a layered structure where each phosphorus atom is covalently

bonded with three adjacent phosphorus atoms to form a highly corrugated
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anisotropic honeycomb-like structure with armchair and zigzag edges,®!? see the
ball-and-stick model in Fig. 1(a). This structural anisotropy leads to anisotropic band
structure, electrical conductivity, thermal conductivity, and optical responses. For
instance, the zigzag direction hosts free carriers that behave like massive which is
several times heavier than that in armchair direction. To construct single-walled BP
nanotubes, the monolayer BP was wrapped along either zigzag or armchair direction.
For either direction, several sized nanotubes within 1-4 nm were constructed in order
to study the size effect. In Fig. 1, the representative structures of BP nanotubes are
given. Similar to carbon nanotubes, they are called zigzag and armchair nanotube as
shown in Fig. 1(b) and (c), respectively, according to the shape along the perimeter.
In the following, the nanotubes will be denoted a pair of indices (n, m), where
integers n and m denote the number of unit vectors along zigzag and armchair
directions in the crystal lattice. If m = 0, the nanotubes are called zigzag nanotubes,
and if n = 0, the nanotubes are called armchair nanotubes. After forming the
nanotubes, the symmetry between upper (P1 in Fig.1(a)) and lower P (valley P, P3
in Fig.1(a)) atoms are broken as well as their bonding geometry, as listed in Table 1.
For zigzag nanotubes, the bond length for inner P (P3) rings is slightly decreased
from 2.22 A to 2.18 A, while that of the outer P (P1) rings is stretched to 2.52 A,
However, the change of bond lengths and angles for armchair nanotubes are almost

negligible. They are 2.21 A for inner ring and 2.24 A for outer ring. Similar trend is
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observed for the bonding angles. This suggests the armchair nanotubes would be
more stable than zigzag ones. Indeed, this is corroborated by the total system energy.
From the energy point of view, the formation of nanotube raise the system energy as
compared to flat monolayer BP. The energy gain for (0, 20), (0, 15), (0, 10), (25, 0),
(18, 0) and (10, 0) nanotubes are 19 meV, 30 meV, 59 meV, 87 meV, 138 meV, and
308 meV per P, respectively. At temperature of 1000 <C which is a common
temperature for sample synthesis, the energy gain of 19 (308) meV, corresponds to
a relative probability of the presence being as high as 84 % (6.5 %). As one can see
that for armchair nanotubes, even for the smallest size studied, its relative presence
probability is as high as 60%. These high predicted presence probabilities suggest
that the BP nanotubes is experimental achievable especially for armchair ones. This
is also in consistent with early studies.?”?

To access their electronic structure, in Fig. 2, we show the calculated density
of states (DOS) for all tubes. On the left panel, from Fig. 2(a) to (c), the DOS spectra
for the armchair nanotubes are presented with decreasing tube size. The
corresponding spectra for zigzag tubes are exhibited on the right panel, from Fig.
2(d) to (). As seen in Fig. 2, the energy gap shrinks for smaller tubes in both types,
which is similar to that of MoS,?* and attributed to strong axial polarization along
the tube axis.®® For the largest nanotubes studied, the electron densities at conduction

band and valence band exhibit clear different features between two types. This is in
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consistent with previous studies that BP shows strong anisotropic electronic
structure.3* Structure point of view, four neighboring P atoms form a triangular
pyramidal cone with a surface along zigzag direction joint together to form a larger
flat plane which is very distinctive from corrugated plane along armchair direction.
As a result, formation of zigzag nanotube induces larger atomic structure and thus
electronic structure modification than the undulate armchair direction. This is
verified by the comparison of the DOS spectra with that of monolayer BP, as given
in the inset of Fig. 2(c). As shown, the DOS spectra of the armchair tubes bear great
similarity to that of monolayer BP. Within 1 eV below the Fermi level (Eg), there
are three major features separated into two parts. The similarity to the pristine
monolayer BP indicates that the bending along armchair direction has little effect on
their electronic structure. However, for the zigzag tubes, there are greatly enhanced
electron states below the Er. In later discussion, we will explain that this electronic
structure change is strongly related to the valley P atoms.

On the other hand, the total DOS in Fig. 2 shows that largest energy gap for the
tubes occurs in (0, 20) nanotube, which is 0.79 eV under GGA. As is well known,
the GGA underestimated the energy gap. For comparison purpose, the energy gap
for monolayer BP was also calculated under the same condition, which is 0.68 eV.
The larger band gap of nanotubes as compared to the monolayer BP is attributed to

quantum confinement effect. In Fig. 2, it can be seen that for both zigzag and
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armchair nanotubes the band gap is reducing with decrease of the tube diameter
similar to that of MoS; nanotubes.?* This, however, is in contrast to the quantum size
effect, which indicates that structure change such as bond lengths and angles play
major roles. On the other hand, for the same size tubes, armchair ones always exhibit
larger energy gap. More interestingly, the energy gap of zigzag tube close for (10, 0)
tube. In this case, one can see from Fig. 2(f) that the conduction band and valence
band merge together at Er. But the electron states at Er are nearly zero, which
suggests the system is in a semi-metallic state. In addition, the electron states at
valence band maximum (VBM) is always stronger for zigzag tubes as compared to
that of armchair ones, while it is opposite for the conduction band minimum (CBM).

Unlike monolayer and bulk BP, both the (18, 0) zigzag and (0, 15) armchair
tubes are indirect band gap as shown in Fig. 3. The VBM in both types are located
at I" points, while the CBM for the armchair tubes are located at X point which is in
the middle of I'-X line for zigzag tubes. This could be related to the zone folding,
tube curvature as well as strain-dependent electronic properties.® The evolution of
energy gap values with respect to the tube size can be reflected from Fig. 2 for both
zigzag and armchair tubes. As mentioned above, the energy gap close for (10, 0)
zigzag nanotubes. In addition, both of them decrease with the tube diameter nearly
linearly. If the band gap values of armchair nanotubes are extrapolated to zero, the

size of it would be negative which suggests that the armchair nanotubes would
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always exhibit semiconducting behaviors.

In Fig. 4, the partial charge density of (18, 0) and (10, 0) nanotubes are
presented to explore the origin of phase transition for zigzag nanotubes. As shown
in Figs. 4(a) and (c), the CBM orbitals are mainly located at outer P atoms. However,
the VBM orbitals are originated from both outer and inner P atoms with some certain
periodicity along the ring. When the tube size is reduced, both CBM and VBM
orbitals become more populated, see Figs. 4(c) and (d). In addition, the CBM orbitals
for smaller zigzag tubes are extended to inner P atoms. This leads to enhanced orbital
overlapping for the conduction and valence bands which renders the system to semi-
metallic.

To explore the origin of difference between zigzag and armchair tubes, we plot
the projected density of states (PDOS) for (10, 0) and (0, 10) nanotubes in Fig. 5.
Due to symmetry broken after forming the nanotubes, there are two types of P atoms
in the nanotube which are denoted as P1 (in the upper layer) and P3 (in the lower
layer) in Fig. 1(a). After forming the tubes, P1 atoms are located in the outer ring
which has larger bond length especially for the zigzag ones, see Table I. For (10, 0)
zigzag nanotube where the semi-metallic states are introduced, the electronic states
of P1 atoms, especially for conduction band, is much stronger than that of P3 atoms.
In fact, only P1 in (10, 0) zigzag nanotube exhibits these features. In Table I, one

can see that the bond length of P1 is much longer than that of P3 atoms in this case.
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This indicates that the enhanced electron states near the Fermi level may be
introduced by the tensile strain around the P1 atoms. As shown in Figs. 5(a) and (c),
the states at CBM are dominated by P1 rather than P3 atoms. This suggests that the
empty states (holes) are mainly presented in the outer ring of the zigzag tubes. This
geometry distribution of the carriers is beneficial for charge separation during a
photocatalytic reaction. In addition, it is seen that the s-p hybridization for the zigzag
nanotubes are much stronger in the valence bands as compared to the armchair ones
while it is opposite for conduction band especially for P3 atoms where the s orbitals
and py orbitals are strongly hybridized, as shown in Fig. 5(d). From the PDOS, one

learnt that for P1 atoms in zigzag nanotube, the contribution to the conduction bands
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is mainly from py orbitals, while px and p, orbitals have similar contributions at VBM.

In P3, conduction bands are mainly composed of py and p, orbitals, while p,, py and
px orbitals contribute equally to VBM. On the other hand, for armchair nanotube, the
CBM of P1 are mainly composed of px and py orbitals, while only pyx orbitals
contribute to VBM. In P3, it is py orbitals that show strong hybridization with s
orbitals and make up CBM, while px and p, orbitals for VBM. In brief, the
enhancement of p, orbitals in VBM and py orbitals in CBM are the dominate factors

for the semi-metallic state formation.

Conclusions
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In summary, we studied the electronic structure of BP nanotubes. Although the
band gap for both zigzag and armchair nanotubes are indirect, they exhibit strong
anisotropic electronic behaviors. For zigzag nanotubes, the energy gap can close at
smaller size and turn the system to a semi-metallic state. However, the armchair
nanotubes always behave as semiconductor. The difference between these two
configurations are correlated to their structure modification after forming the tubes
where the tensile strain generated tunes the electronic behaviors. In the end, the
different p orbitals distributions due to the different s-p hybridizations leads to the
overall phenomena. In addition, the special distribution of charge carriers suggests

that BP nanotubes may be promising candidates for photocatalytic applications.
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Table I. Structure information for both types of black phosphorus nanotubes

Diameter Bond length (A) Bond angle (°)

A Lower  Upper  Lower Upper

(P3) (P1) (P3)  (P1)

Monolayer 2.22 2.22 95.9 95.9

Zigzag
(10, 0) 15 2.18 2.52 919 1193
(18, 0) 23 2.19 2.41 928 107.2
(25,0) 30 2.21 2.37 943 104.8
Armchair

(0, 10) 18 2.21 2.24 97.1 94.9
(0, 15) 26 2.21 2.24 96.8 95.2
(0, 20) 33 2.21 2.24 96.9 95.4
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Figure captions:

Fig. 1. (Color online) (a) Ball-and-stick model for phosphorene. The zigzag and
armchair directions are indicated. Position of P1 and P3 atoms are denoted. (b)
naming scheme for zigzag and armchair nanotubes. Side and top view of armchair

(c) and zigzag (d) nanotubes.

Fig. 2. (Color online) Density of state (DOS) spectra for the chosen nanotubes. (a)-
(c) are that for (0, 20), (0, 15) and (0, 10) armchair nanotubes with diameters of 33
A, 26 A, and 18 A, respectively. (d)-(f) are that for (10, 0), (18, 0) and (25, 0) zigzag
nanotubes with diameters of 30 A, 23 A, and 15 A, respectively. The inset in (c) are

the DOS for monolayer BP. The fermi energy is set to 0 eV.

Fig. 3. (Color online) Band structure representative for (18,0) zigzag (a) and (0,15)

armchair (b) nanotubes. The fermi energy is setto 0 eV.

Fig. 4. (Color online) Partial charge density distribution at I" point. (a) and (b) are
CBM and VBM for zigzag (18, 0) nanotube; (c) and (d) are that of zigzag (10, 0)
nanotube. The top (side) views for all cases are given on the left (right). The isosurfae

value is set to 0.001 e/A3,

15
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Fig. 5. (Color online) Project density of state (PDOS) spectra for the chosen
nanotubes. (a) and (b) are that for P1 and P3 in (10, 0) zigzag nanotubes, respectively.
(c) and (d) are that for P1 and P3 in (0, 10) armchair nanotube, respectively. The
orbital decomposed spectra are recognized by their different color as indicated in (b).

The fermi energy is set to 0 eV.
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Fig. 1 Guan et al.
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