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Strain/stress engineering on the mechanical and
electronic properties of phosphorene nanosheets
and nanotubes

Wei Zhang,?® Jiuren Yin,®® Ping Zhang*® and Yanhuai Ding {2 *2°¢

Phosphorene is demonstrated to have a great potential in the electronics applications. In this work, the first-
principle calculations are employed to predict the mechanical properties and the electronic structure of
phosphorene nanosheets and nanotubes. Compared with that of nanosheets, the maximum tensile
stress of nanotubes decreases from 17.66 GPa to 11.73 GPa in the zigzag direction and 7.56 GPa to
5.95 GPa in the armchair direction. The ultimate tensile strain of nanosheets is about 27% in the armchair
and 25% in the zigzag directions. However, the maximum strain of the zigzag nanotubes decreases to
24% and the ultimate strain of the armchair nanotube is about 14.4%. It presents that the tensile modulus
will decrease with the increasing tension, while the compression modulus increases with increasing
compression. The results show that zigzag-direction stress will affect the covalent bonds largely, while
the armchair-direction stress influences the lone-pair electrons more. Within the allowable strain, the
band structure and effective mass of carriers are calculated. The CBM and VBM change their positions
when the stress is applied. The effective mass of nanosheets and nanotubes is strongly affected by strain.

1. Introduction

Phosphorene, a two-dimensional material, was first obtained
from black phosphorus (BP), whose layers were held together by
weak van der Waals forces.' In fact, BP was first synthesized in
1914 by Bridgman.® Then, it took scientists exactly 100 years to
prepare a one-atom-thick layer of phosphorus (named phos-
phorene) by mechanical exfoliation of bulk BP.” In recent years,
phosphorene has attracted large attention due to its potential
applications in optoelectronics and electronics.*® Moreover,
phosphorene is predicted to be a strong competitor to graphene
because, in contrast to graphene, phosphorene has a narrow
band gap.'® It has been proven that phosphorene has a thick-
ness dependent direct band gap that changes from 0.3 eV in the
bulk to 1.88 eV in a monolayer.'* Density functional calculations
also showed that the increasing band-gap-value was caused by
the absence of the interlayer hybridization near the top of the
valence and the bottom of the conduction band.* It was also
reported that phosphorene has a carrier mobility up to
1000 cm? vV '-s7!' while that of another two-dimensional
material, MoS,, is only about 200 cm® V~"-s~".»> The mechan-
ical behavior is one of the hot topics in the research about two-
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dimensional materials. For example, monolayer graphene was
reported to have an intrinsic tensile strength of 130 GPa and
a Young's modulus of 1 TPa*® through experiments. Monolayer
MoS, has a breaking strength of 16-30 GPa and a Young's
modulus of 270 GPa."> A theoretical simulation like density
functional theory (DFT) or molecular dynamics is an effective
method to predict the mechanical properties of nanomaterials.
For example, borophene was calculated to hold an elastic stiff-
ness of 210 N m™~'.* It was also theoretically demonstrated that
monolayer phosphorene can hold a critical strain up to 30%
and withstand stress up to 18 GPa in the zigzag direction and
8 GPa in the armchair direction.” As we all know, for two-
dimensional semiconductor materials like WS, (ref. 16) and
MoS,," their band structures are very sensitive to strain. It was
also proven that the electronic structure of phosphorene was
affected by strain. The band gap of phosphorene experiences
a direct-indirect-direct transition when axial strain is applied.*®
With the appropriate biaxial or uniaxial strain (4-6%), the
preferred conducting direction can be rotated by 90°.*

As mentioned, great attention has been paid to investigate
the strain engineered properties of phosphorene. In most cases,
a small strain was employed to modulate the electronic prop-
erties of phosphorene. In contrast, the strain engineered
properties of nanotubes have been rarely reported. In this study,
phosphorene nanosheets and nanotubes are fully geometry
optimized in a specific force field. First, we calculate the
mechanical behavior of phosphorene nanosheets and nano-
tubes. Second, the effects of stress on the band structure of
nanosheets and nanotubes are investigated. In the end, we
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discuss the effective mass of carriers in nanosheets and nano-
tubes under applied strain/stress.

2. Computational methodology

The first-principles DFT simulation is performed using the
CASTEP module. We adopt the generalized gradient approxi-
mation (GGA) and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional for the structural optimization
and self-consistent total energy calculations. Electronic wave
functions are expanded in a plane wave basis set with the
kinetic energy cutoff of 180 eV. A 3 x 3 x 1 Monkhorst-Pack
k-point mesh is used for the Brillouin zone integration in the
monolayer phosphorene simulation. For nanotubes, Mon-
khorst-Pack k-point mesh is set to 1 x 1 x 3. The energy
convergence criterion for the electronic wave function is set to
be 10~° eV. A vacuum layer of about 12 A is employed to avoid
the interactions between the slabs in the single-layer and
nanotube phosphorene calculations using periodic boundary
conditions. For the accuracy of the band-structure calculation,
0.001 A" is used in the k-point separation.

3. Results and discussion

We first calculate the strain-stress relations of phosphorene
nanosheets and nanotubes. Fig. 1 presents the top view of
monolayer phosphorene under the stresses along the zigzag (o)
and armchair (o) directions. The Brillouin zone path is set as F
— G — Bto investigate the changes of the band states along the
zigzag and armchair directions. According to our calculation
results, the relaxed lattice constants for single-layer phosphor-
ene are a = 3.299 A and b = 4.643 A, which is in good agreement
with other reports.”*® Fig. 1(b) and (c) describe the shape
changes of monolayer phosphorene when the zigzag- or
armchair-direction stress is applied.

As shown in Fig. 2, the zigzag (12.0) and armchair (0.8)
nanotubes are chosen for comparison. The Brillouin zone path
of a nanotube is G — F — Q. Herein, we are only concerned
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with the electronic structure along F — Q. For the stratified
material, the stress calculated from the DFT should be modified
due to the vacuum between layers. The stress is rescaled by
multiplying it by Z/d, to obtain equivalent stress, where Z and d,
represent the cell length in the z-direction and the effective
thickness, respectively. For monolayer phosphorene, d, =
5.55 A. For nanotubes, the stress is rescaled by
S

5.55 — d\? 5.55 —d\?
T ROD"’T - RID+T

plane area of the cell, Rop and R;p represent the outer and inner
radius of a nanotube, respectively, and d is the layered thickness
of phosphorene.

, where S is the XY

3.1 Mechanical behavior and band gap

Phosphorene nanosheets. The strain-stress relations of
single-layer phosphorene are plotted in Fig. 3(a). When stress is
applied, monolayer phosphorene is able to withstand a tensile
stress up to 17.66 GPa in the zigzag direction and 7.56 GPa in
the armchair direction. These results agree well with those of
other reports.” According to our calculation, the ultimate
tensile strain of monolayer phosphorene is about 27% in the
armchair direction and 25% in the zigzag direction."® Conse-
quently, single-layer phosphorene exhibits different Young's
modulus along different directions in a plane. It indicates its
anisotropic nature.” Elahi** mentioned that the tensile strain
from 0 to 27% can be viewed as the elastic region. According to
our results, the Young's modulus of monolayer phosphorene
along the zigzag (or armchair) direction is calculated to be
164.9 GPa (or 34.4 GPa). The theoretical predictions are very
close to the experimentally measured values.”*** In addition, the
mechanical properties in phosphorene will change with the
stress. During the tension progress, variations of Young's
modulus in the zigzag direction fluctuate greatly; it decreases
from 164.9 GPa to 55 GPa until fracture. For the armchair-
direction tensile test, the Young's modulus fluctuates slightly
and decreases from 34.4 GPa to 16 GPa until fracture. When the

Fig. 1 (a) Top view of single-layer phosphorene when the stresses along the zigzag (s,) and armchair (s,) directions are added; ‘F - G — B”
represents the Brillouin zone path. (b) The strain variation of single-layer phosphorene along the zigzag direction when o, = —17.66 GPa
(top), ax = 0 (middle), and g, = 17.66 GPa (bottom). (c) The strain variation of single-layer phosphorene along the armchair direction when
o, = —7.57 GPa (top), g, = 0 (middle), and ¢, = 7.82 GPa (bottom). ¢ (>0) represents the tensile stress; o (<0) represents the compressive stress.
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Fig. 2 Side view of a single-wall phosphorene nanotube with the stresses along the (a) zigzag and (b) armchair directions. (a) Armchair and (b)
zigzag nanotubes are built by rolling up a (1.8) and (12.1) phosphorene sheet, respectively. ‘G — F — Q" represents the Brillouin zone path.

compression is applied in the axial direction, the changes of
compression modulus in monolayer phosphorene behave in the
same way. The zigzag-direction compression modulus increases
from 168.2 GPa to 315.3 GPa. The armchair-direction
compression modulus increases from 47.6 GPa to 58.7 GPa
during the compression test. It should be noted that the
compression modulus continually increases as the compression
keeps rising. Fig. 3(b) presents the strain/stress induced band
gap of phosphorene nanosheets. The band gap of single-layer
phosphorene is 0.95 eV. These results are consistent with
other theoretical predictions.”* As reported in ref. 25, the band
gap of monolayer phosphorene measured through photo-
luminescence is about 1.75 eV. It is well-known that DFT may
underestimate the band gaps of semiconductors. The HSE06
method gives consistently larger values for the band gaps of
unstrained phosphorene. Based on HSEO06, the band gap of
unstrained phosphorene is calculated to be 1.55 eV. However,
we mainly focus on the variation trend of the band gap in this
study. For the zigzag-direction stress (o,), the band gap of
monolayer phosphorene increases gradually as the stress
changes from —17.66 GPa to 5.05 GPa. In stark contrast, the
band gap drops sharply when the tensile stress grows from
5.05 GPa to 12.67 GPa. After this, a slight rise in the band gap

GC /GPa

(@)

appears until the material failure. It is clearly shown that the
band gap peaks at 1.06 eV when the zigzag-direction stress is
applied on monolayer phosphorene.*® However, the changes of
the armchair-direction (o,) stress related band gap are a little
different. Between —7.57 GPa and —6.31 GPa, single-layer
phosphorene shows a nearly metallic behavior. The band gap
increases dramatically when stress rises from —6.31 GPa to
2.52 GPa. Between 2.52 GPa and 7.57 GPa, there is a sharp
decrease in the band gap. Interestingly, the greatest band gap
(1.09 eV) induced by g, is quite close to that caused by o,.

To better understand the effects of stress on electronic
structure, we calculate the electron localization function (ELF)
of phosphorene nanosheets. As shown in Fig. 4, the electrons
are packed together to describe the distribution of covalent
bonds and lone pairs. When compression is applied in the
zigzag direction (s, = —17.66 GPa), the electrons (as indicated
by the black circle) exhibit a more highly concentrated distri-
bution. It indicates that the repulsion between phosphorus
atoms becomes stronger. Thus, phosphorene nanosheets
become more and more difficult to be compressed. This is
consistent with the increasing compression modulus as we
mentioned earlier. In Fig. 4(c), when phosphorene withstands
the ultimate tension stress (o, = 17.66 GPa), the local
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(a) The strain—stress curves of monolayer phosphorene. The black line represents the strain changes under the zigzag-direction stress,

while the red line describes the strain variation under the armchair-direction stress. According to our calculations, the maximum strain and stress
of single-layer phosphorene are ¢ = 0.26 and o = 17.66 GPa (the zigzag direction) and ¢ = 0.27 and ¢ = 7.82 GPa (the armchair direction). (b) The

band gap of monolayer phosphorene changes with the stress.
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Fig. 4 The top-view ELF images of phosphorene nanosheets under different force fields.

concentration of electrons decreases. It also indicates that,
compared to that of lone pairs of electrons, the distribution of
electrons that represent the covalent bonds becomes more
disperse. As marked in the black circle, the electrons seem to be
separated, suggesting the nearly broken bonds. Consequently,
the tensile modulus decreases with increasing tension. It can be
noted that the stress along the zigzag direction has large effects
on the distribution of electrons, which represent the covalent
bonds. The armchair-direction stress works in the same way. As
shown in Fig. 4(d), the distribution of lone electrons changes
dramatically. When compression is applied in the armchair
direction (g, = —7.57 GPa), the lone electrons (as marked by the
black circle), which belong to different atoms, repel each other.
Moreover, when the tensile stress of g, = 7.57 GPa is applied,
the concentration of lone electrons marked in the circle
decreases. It also indicates that the interaction between non-
bonding atoms decreases. We summarize that the zigzag-
direction stress affects the covalent bonds largely, while the
armchair-direction stress influences lone-pair electrons more.
Phosphorene nanotubes. The strain-stress relations as well
as the band gap changes of phosphorene nanotubes are pre-
sented in Fig. 5. Clearly, the zigzag (12.0) nanotube could
withstand tensile stress up to 11.73 GPa, and the maximum

tensile stress of the armchair (0.8) nanotube was about
5.95 GPa. The maximum strain of the zigzag (12.0) nanotube
was about 24%, which is a little smaller than that of nanosheets
in the armchair direction. Interesting enough, the ultimate
strain of the armchair (0.8) nanotube is about 14.4%, which is
well consistent with the result (15.5%) reported in ref. 27.
However, it decreases considerably compared with the ultimate
strain along the zigzag direction in nanosheets. For the zigzag
(12.0) nanotube, the Young's modulus stabilizes at an average
value of 25.6 GPa until it is broken. The Young's modulus of the
zigzag (12.0) nanotube is close to that of the zigzag (14.0)
nanotube (35.2 GPa) and zigzag (16.0) nanotube (41.7 GPa) re-
ported in ref. 28. However, it is smaller than that of the nano-
sheets along the armchair direction (34.4 GPa). Within a large
variation range, the Young's modulus of the armchair (0.8)
nanotube decreases from 97.8 GPa to 30.2 GPa. It is different
from that of the nanosheets along the zigzag direction. The
compression modulus of the zigzag (12.0) nanotube decreases
from 27.1 GPa to 8.2 GPa when the compression is between
0 GPa and —3.1 GPa and then increases from 8.2 GPa to
84.7 GPa when the compression is in the range —3.1-6.0 GPa.
The compression modulus of the armchair (0.8) nanotube var-
ies in the same trend. It decreases slowly from 128.1 GPa to
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(a) The strain—stress relationship of the zigzag/armchair phosphorene nanotube. The black line represents the changes of the strain in the

zigzag nanotube under the armchair-direction stress. The red line represents the changes of the strain in the armchair nanotube under the
zigzag-direction stress. According to our calculations, the maximum strain and stress of the zigzag phosphorene nanotube are e = 0.24 and ¢ =

5.95 GPa and, for armchair nanotube, e = 0.14 and ¢ = 11.73 GPa. (b) The
the stress.
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Table 1 Young's moduli of graphene, h-BN, MoS,, phosphorene sheets, and tubes
Graphene'*?*° h-BN?%31 MoS; (ref. 32,33) Phosphorene'”
Young's moduli (TPa) Nanosheets 1.0 1.1 0.33 0.166/0.044
Nanotubes 1.2(9,0) 1.1(12,0) 0.13(10,0) 0.165/0.034

85.6 GPa at a compression of 0-1.8 GPa and then gradually
increases from 85.6 GPa to 233.3 GPa at the compression of
—1.8-11.7 GPa. Compared with that of nanosheets, the
compression modulus of the zigzag (12.0) and armchair (0.8)
nanotubes is smaller. The strain/stress related band gaps of
nanotubes are calculated and presented in Fig. 5(b). The zigzag
(12.0) nanotube exhibits metallicity with the applied compres-
sions between —6 GPa and —3.1 GPa. Its band gap increases
from 0 eV to 0.125 eV with the compressions between —3.1 GPa
and 0 GPa. Furthermore, the band gap decreases from 0.125 eV
to 0.052 eV with tensile stress varying between 0 GPa and
4.7 GPa and then increases from 0.052 eV to 0.068 eV at the
tensile stress of 4.7-5.3 GPa. According to the results, the band
gap of the zigzag (12.0) nanotube reaches the maximum value of
0.125 eV at 0 GPa. The strain (or stress) leads to the band gap
decreasing in the zigzag (12.0) nanotube. Furthermore, the
zigzag (12.0) nanotube is very sensitive to compression and it
exhibits metallicity at a small compression. The function of
strain/stress in the armchair (0.8) nanotube is complicated. The
compression related band gap increases from 0.149 eV to
0.404 eV with some fluctuation. Furthermore, the band gap in
the armchair (0.8) nanotube reaches the maximum value of
0.404 eV at —5.33 GPa. When tensile stress is applied, the band
gap shows a large fluctuation.

As we discussed above, the mechanical behaviors in phos-
phorene nanosheets and nanotubes are very different. When
compared with that of nanosheets, the ultimate tensile stress of
nanotubes decreases from 17.66 GPa to 11.73 GPa in the zigzag
direction and from 7.56 GPa to 5.95 GPa in the armchair
direction. When being rolled into tubes, phosphorene holds the
maximum strain decreasing from 27% to 24% in the armchair
direction and 25-14.4% in the zigzag direction. Consequently,
the mechanical performance of phosphorene decreases when
rolled from nanosheets into nanotubes. Compared to other two-
dimensional materials such as graphene, h-BN and MosS,,
phosphorene sheets and nanotubes exhibit a superior flexibility
with a much smaller Young's modulus (as shown in Table 1).
For the strain induced band gap, phosphorene nanosheets
demonstrate a better regularity than nanotubes. Furthermore,
nanotubes hold a narrower band gap, which is consistent with
the conclusion in ref. 29.

3.2 Band structure

Phosphorene nanosheets. In this section, we focus on the
shifts of the valence-band maximum (VBM) and the conduction-
band minimum (CBM) produced by the stress. Fig. 6(a) presents
the band structure of monolayer phosphorene when the zigzag-
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Fig. 6

(a) The band structure of monolayer phosphorene along F — G — B directions (when the stress is applied along the zigzag direction). The

green dash lines describe the Fermi level. (b) The band structure of monolayer phosphorene along F — G — B directions (when the stress is
added along the armchair direction). G is the Gamma point of the system. The blue lines represent the minimum conduction-band states and the

red lines show the maximum valence-band states.
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direction). (b) The band structure of the armchair phosphorene nanotube (when the zigzag-direction stress is added). The green dash lines
describe the Fermi level. The blue lines represent the minimum conduction-band states, while the red lines show the maximum valence-band

states.

direction stress is applied. As mechanical compression of
—15.14-0 GPa is applied along the zigzag direction, the position
of VBM moves from B towards G. At the same time, the CBM
located at G point moves and its values may increase with
compression. With the compression decreasing, the band gap
changes from an indirect type to a direct one. In case of tensile
stress, the position of VBM remains unchanged and a new CBM
is formed with the increasing tension. In Fig. 6(b), when the
tensile stress is applied, the VBM of nanosheets stays at (0, G)
and the CBM moves from G towards B. A new VBM will be
formed when compression is applied. The CBM keeps its loca-
tion at G point and its values decrease with the compression
increasing. The band gap of monolayer phosphorene goes to
zero when the armchair-direction compression is —7.57 GPa.
Phosphorene nanotubes. Fig. 7(a) describes the band struc-
ture of the zigzag (12.0) nanotubes when the uniaxial stress is
added. The band gap of the zigzag (12.0) nanotube is about
0.125 eV and it is close to the result (0.14 eV and 0.31 eV)
calculated from the zigzag (14.0) and (16.0) nanotubes.*® The
zigzag (12.0) nanotubes exhibit metallic properties when the
compression of —4.7 GPa or —3.13 GPa is applied. We also find
that when nanotubes turn to a semiconductor, the VBM always
remains at F point. At the same time, the CBM shifts from F to Q
and decreases with the tension increasing. The zigzag (12.0)
nanotube shows an indirect band gap when stress is applied. As
shown in Fig. 7(b), the axial stress leads to changes in the band
structure in the armchair (0.8) direction. With the stress pro-
cessing during the test, the position of VBM remains
unchanged. As the compression of —10.67 GPa is applied, the

This journal is © The Royal Society of Chemistry 2017

armchair nanotubes show a direct band gap. However, when the
compression decreases, the CBM moves toward F and nano-
tubes turn to an indirect band gap.

Comparison. In this section, we conclude that the applied
strain will affect the band structure irrespective of whether in
nanosheets or nanotubes. The main role of the strain is to form
anew VBM or CBM. Moreover, the new formed VBM or CBM will
make phosphorene turn from a direct gap to an indirect one or
change from a semiconductor to a metal. Among them, we find
that the metallic transition in both nanosheets and nanotubes
has some common characteristics. First, the metallic transition
in nanosheets and nanotubes is only induced by compression
(as shown in Fig. 6 and 7). Second, the compression, which may
lead to that transition, is applied only along the armchair
direction in nanosheets and the axial direction of the zigzag
nanotube. Structurally, the armchair direction in nanosheets is
the same as the axial direction of the zigzag nanotubes. The
metallic transition in the zigzag nanotubes under the
compression is presented in Fig. 8.

3.3 Charge carriers

The effective masses of the electron or the hole in phosphorene
nanosheets and nanotubes are presented in Fig. 9 and 10. They
d’E\ "
@) from
the band structure. For unstrained phosphorene nanosheets,
the calculated effective mass of the electron is 1.244 m, in the
zigzag direction and 0.146 m,. in the armchair direction. The
effective mass of the hole is —4.8 m, in the zigzag direction and

are calculated according to the formula m* = hz(
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Fig. 8 Metallic transitions in the zigzag nanotube under the compression. The green dash lines describe the Fermi level. The blue lines represent
the minimum conduction-band states, while the red lines show the maximum valence-band states.

—0.148 m, in the armchair direction. These results are in good
agreement with other theoretical studies."®*

Phosphorene nanosheets. Fig. 9(a) describes the changes in
the effective mass resulting from the zigzag-direction stress.
When compression is applied, M increases with a slight fluc-
tuation. It peaks at 17.25 m, as the compression of —12.61 GPa
is applied. The axial tensile stress makes M; decrease from
2.5 me to 0.3 me at 5.05-7.57 GPa. Interestingly, M; remains at
0.2 m. when compression in the range of —17.66-0 GPa is
applied. However, under tensile stress, M} remains at 0.3 .
within the tensile stress range of 0-5.05 GPa, increases to 2.7 m,
at 7.57 GPa, and finally remains stable at 0.2 m, until breakage.
The effective mass of the hole along the zigzag direction
(M%) has a slight fluctuation when zigzag-direction compresses
are applied. The average of M is about —2.75 m.. With the
increase in the tensile stress, MY first increases from —4.8 m,. to
—41.7 m, at 0-5.05 GPa, decreases sharply from —41.7 m, to
—1.9 m, at 5.05-10.1 GPa, and finally stays at 1.8 m,. until
breakage. In contrast, the effective mass of the hole along the
armchair direction (M;‘) remains at —0.27 m. when a stress of
—17.66-10.1 GPa is applied. Mi} increases slightly from —0.48 m,
to —1.6 m, at the tensile stress range of 10.1-17.66 GPa. Fig. 9(b)
presents the effective mass changes with the armchair-direction
stress. It should be noted that, when compression is applied,
the effective masses of the electron along the zigzag direction
(M3), the electron along the armchair direction (M), and the

hole along the armchair direction (M) are stabilised at 1.2 m,,
0.15 m., and —0.15 m,, respectively. However, the effective mass
of the hole along the zigzag direction (M%) has a large value and
a large fluctuation. We also find that M;, decreases from 1.3 m,
to 0.3 m. when the tensile stress increases from 1.26 GPa to
2.52 GPa. In contrast, under the same conditions, M; may
increase from 0.16 m. to 1.3 me. After the calculation, we
concluded the following. First, the stress along both zigzag and
armchair directions has a small effect on M;‘. The value of
MJI} will remain stable at —0.27 m.. Furthermore, the results also
show that M5, My and M;‘ are independent of compression along
the armchair direction. Second, My, My and M are very sensitive
to tensile stress. The value of M? is large and the changes are in
a disorder fashion. M5 and M; change in a contrast way when
the system bears the armchair-direction tensile stress. It indi-
cates the conducting anisotropy in phosphorene.

Phosphorene nanotubes. Fig. 10 presents the effective mass
along the tube-axis when nanotubes are tested under different
stress levels. As shown in Fig. 10(a), the effective mass of the
hole that belongs to the zigzag (12.0) nanotube remains stable
at —0.37 m.. On the contrary, the effective mass of the electron
has a large fluctuation. It increases from 0.63 m,. to 8.00 m, at
—1.57-1.57 GPa and decreases to 1.61 m, until breakage. For the
armchair (0.8) nanotube, the effective mass is presented in
Fig. 10(b). It shows that the effective masses of the electron and
the hole have the same fluctuation area. The electron effective

5
Pa
Ly

T T T T T T T

5 [
6 (GPa)

&
\

A\y
\

\y

7 6 5 -4 3 2 4 0 1 2 3 4 5 6 7
oy(GPa)

Fig. 9 The electron/hole effective mass according to the (a) x- and (b) y-direction stress. The black line and the red line respectively represent
the effective mass of the electron along the zigzag (Mg) and armchair directions (My). The blue line represents the effective mass of the hole along
the zigzag direction (M) and the green line represents the effective mass of the hole along the armchair direction (MS).
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Fig. 10 (a) The electron or hole effective mass in the zigzag (12.0) nanotube along the tube-axis direction. (b) The electron or hole effective mass

of the armchair (0.8) nanotube along the tube-axis direction. The stress or compression is added along the tube-axis direction.

mass increases from 0.23 m,. to 1.48 m. at —8.9-7.11 GPa and
then decreases to 0.19 m, at —7.11-0 GPa. For the hole effective
mass, it increases from —0.21 m, to 0.54 m. at —8.9-7.11 GPa
and then decreases to 0.34 m. at —7.11-0 GPa. We find that the
strain has little influence on the free holes in nanotubes. For the
armchair nanotube, the free electrons show small-scale changes
when strain is applied.

The strain induced charge carriers vary differently in phos-
phorene nanosheets and nanotubes. The hole effective mass
along the zigzag direction in nanosheets experiences a large
fluctuation when strain is applied. Moreover, the free electron
will be affected by the tensile stress. Thus, the conducting
properties will be largely affected by the applied strain. On the
contrary, the free holes in nanotube show independence in the
applied strain. The free electrons in the armchair nanotube
change a little when strain is applied. It means the nanotubes,
particularly the armchair tubes, show a better stability in
carriers transport when uniaxial strain is applied.

4. Conclusion

The mechanical behavior of phosphorene nanosheets and
nanotubes has been calculated with the first-principles method.
The results show that monolayer phosphorene is able to
withstand a tensile stress up to 17.66 GPa in the zigzag direction
and 7.56 GPa in the armchair direction. The maximum strain
along the zigzag direction is about 27%, which is almost the
same as that (25%) along the armchair direction. According to
the calculation, phosphorene sheets and nanotubes exhibit
a super flexibility with a small Young's modulus. In addition,
the nanosheet is calculated to have different Young's modulus
along different directions. Compared with that of nanosheets,
the maximum tensile stress of nanotubes decreases. It indicates
that the tensile modulus will decrease with the tensile strain
increasing, while the compression modulus increases with
increasing compression. The zigzag-direction stress affects the
covalent bonds largely, while the armchair-direction stress
influences lone-pair electrons remarkably. For nanosheets, the
band gap increases with a decrease in compression and

This journal is © The Royal Society of Chemistry 2017

decrease with an increase in tensile stress. For nanotubes, the
changes in the band gap are in a disordered fashion. Nanotubes
hold a narrower band gap compared with nanosheets. The
zigzag (12.0) nanotube exhibits metallicity when small
compressions are applied. The metallic transition in nano-
sheets and nanotubes is only induced by the armchair-direction
compression. The CBM and VBM shift their positions when
stress is applied. For nanosheets, My and M; change in
a contrast way under tensile stress. The effective mass of the
electron in the zigzag (12.0) nanotube is mainly affected by
stress. The free electrons in the armchair nanotube change
a little when strain is applied. It means that the nanotubes,
particularly the armchair tubes, show a better stability in
carriers transport when uniaxial strain is applied.
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