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The central question in the field of two-dimensional (2D) materials is how a material behaves when it is
patterned at nanometer scale with different edge geometries. Due to the anisotropy inherent in the puckered
structure, black phosphorene nanostructures may have more varieties of edge geometries. Here, we present
a comprehensive 2D planar crystallographic characterization of phosphorene uniformly by a chiral vector
(angle), from which we report a type of edge atomic configuration, the slope-edge geometry. The phospho-
rene nanoribbons (PNRs) with slope edges, like previously noticed zigzag and skewed-armchair PNRs,
also possess interesting twofold-degenerate edge states. These three marginal directions, together with
the skewed-zigzag and armchair directions without edge states, divide a phosphorene into four regions,
among which the electronic properties are different from each other. Further, for a PNR cutting along any
possible direction, by taking into account the z direction in the structure, whether or not it possesses edge
states depends on the existence of periodic zigzaglike morphology along the edges. For application, more-
over, we propose a PNR-based Z-shaped homogenous junction with scale approximately 100 nm, where
the central scattering region between two PNR electrodes is a phosphorene quantum dot (PQD) of a PNR
segment with various edge morphologies. Interestingly, the calculated conductance by the KWANT code,
based on tight-binding combined with a scattering matrix for the junction, relies sensitively on the central
PQD edge states. In specification, for the junctions of PQDs with edge states, the conductance exhibits a
terrace with resonant oscillations near the Fermi energy; otherwise, the electron transport is blocked due
to the absence of edge states. Remarkably, the number of oscillating peaks exactly matches the number
of sawtooth along an edge of the PQD, since the discrete energy levels of the zigzaglike edge provide the
transporting channels for electrons. The results here may be extended to the group-VA 2D materials in
order to observe the electronic properties of nanostructures in experiments and provide a reference for the
preparation of better nanodevices.

DOI: 10.1103/PhysRevApplied.12.064025

I. INTRODUCTION

In the current decade, two-dimensional (2D) materi-
als have emerged as one of the most exciting classes of
materials since the rise of graphene [1]. Recently, semi-
conducting black phosphorous (or phosphorene), a mono-
or few-layer structure of phosphorus atoms forming 2D
puckered sheets, has joined the class of 2D materials
[2–7]. The synthesized phosphorene has a noticeable band
gap and appreciable anisotropy in its physical properties
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[7–9]. Generally, a 2D material may display properties that
differ greatly from those of its bulk counterpart due to the
effects of quantum confinement and the large surface-to-
volume ratio. Further, tailoring a 2D material along its
different crystallographic directions, one can obtain one-
dimensional (1D) nanoribbons with a width less than 100
nm [10–14]. These nanoribbons show not only the confine-
ment effect but also a peculiar edge effect, both of which
play an important role in the electronic, optical, magnetic,
and transport properties [15–18]. Hence the edge states are
particularly important in a 2D material nanoribbon.

Black phosphorus, with an anisotropic structure, is a van
der Waals bonded layered material in which each layer
forms a puckered surface due to sp3 hybridization and
possesses a direct band gap of 0.3 eV [19]. This direct
gap increases up to approximately 2 eV as its thickness
decreases from bulk to a few layers [20]. In addition, the
field-effect transistor (FET) [2,5,6] based on phosphorene
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is found to have an on-off ratio of 103 and a high
hole-carrier mobility up to 800 cm2/V s [21]. Importantly,
there have been a few effective ways to solve the instability
problem for phosphorene in the environment [22]. These
good properties of phosphorene have attracted broad inter-
est [23–27]. Further, PNRs made by tailoring a phospho-
rene sheet in the conventional zigzag and armchair direc-
tions have been prepared experimentally in Refs. [28] and
[12], respectively. The zigzag PNRs (ZPNRs) with signifi-
cant edge states and armchair PNRs (APNRs) with a direct
band gap have been extensively studied [13,16,17,29].
Also, some of the properties of PNRs have been verified
[18,30–36], such as the effect of edge states on the conduc-
tance and the thermal power [37], the influence of vacancy
defects on the electron structure and on transport [38,39],
and the electric tunable edge-pseudospin valve [40].

On the other hand, nanostructures with various possi-
ble edge atomic configurations have become a hot topic
since the rise of 2D materials. A central question in the
field of graphene-related research is how it behaves as
patterned at the nanoscale with different edge morpholog-
ical geometries [10,41]. If we cut a graphene sheet along
the crystal directions by increasing the chiral angle from
0◦ to 30◦, for example, the edge geometry switches from
zigzag to armchair, between which we can obtain all pos-
sible chiral ribbons with different chiral angles [10,41].
Recently, the effects of chirality and edge geometry on
the anisotropic thermal transport properties have also been
studied for MoS2 nanoribbons [42]. For PNRs, in addition
to the conventional zigzag and armchair edges, other edge
geometries have been predicted. For example, PNRs with
stable beard-zigzag [29], skewed-zigzag (SZ, so SZPNR),
and skewed-armchair (SA, so SAPNR) [14,43,44] edges
have also been reported and some of them have already
been realized experimentally [45]. Essentially, the elec-
tronic properties are significantly different from each other
among PNRs with different chiralities. This difference
results in an abundant electrical nature, such as metals
with edge states and semiconductors with a direct band
gap. Furthermore, the difference in physical properties has
potential applications. For instance, the control of exter-
nal electric and magnetic fields on the electronic structure
[46] and the coupling and manipulation of the edge states
in multilayer PNRs [47]. However, the existing studies
have only involved PNRs with the few particular above-
mentioned edge geometries. A uniform verification of the
edge morphology for highly anisotropic phosphorene, such
as those for isotropic graphene [10,41], is also important in
phosphorene-based nanotechnology.

In this work, we first present theoretically the 2D planar
crystallographic characterization of an anisotropic phos-
phorene. We define a chiral number (vector) or chiral
(azimuthal) angle to uniformly describe the planar crys-
tallographic directions. As the chiral angle increases from
0◦ to 90◦, as shown in Fig. 1, the boundary morphology
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FIG. 1. An illustration of crystallographic characterization on
a monolayer phosphorene, where the heavy (light) gray spheres
donate the phosphorus atoms in the upper (lower) subplane and
the x and y coordinates are along the zigzag and armchair crystal-
lographic directions, respectively. The thick blue, green, and red
solid lines are along the SA, SZ, and SL directions, with chiral
angles θ1, θ2, and θ3, respectively; a1 and a2 denote the primi-
tive vectors; and t1-t5 are the five hopping parameters. The chiral
vector T is illustrated by the thick red solid arrow along each 2D
crystallographic direction, where the arrows along (4,2) and (3,1)
show that examples of the outermost atoms are located at the
same sublayer and, alternatively, at two sublayers, respectively.

switches from zigzag to armchair and sweeps over all
possible edge geometries during the process. We find
that a phosphorene can be divided into four fan-shaped
regions determined by the chiral angles 0◦, θ1(23.74◦),
θ2(52.84◦), θ3(75.82◦), and 90◦, among which the elec-
tronic characteristics are different. Therefore, by cutting a
phosphorene along these five regional boundary directions,
one can obtain the previously studied ZPNR, SAPNR,
SZPNR, and APNR [14,43,44]. Importantly, the PNR with
a sloped (SL) edge geometry along θ3 (termed a SLPNR)
between the SZ and the armchair direction has not yet been
reported. Essentially, the SL direction is similar to the SA,
with a periodic zigzaglike edge morphology supporting
edge states. Further, by taking into account the effect of
the z direction in the structure, we then demonstrate the
variation of the electronic properties for PNRs with dif-
ferent edge atomic geometries by the KWANT code based
on tight-binding (TB) calculations [48], in which partic-
ular attention is paid to the SLPNR, which intrinsically
has twofold-degenerate edge states. In addition, the origin
of the bearded and nonbearded edges along each regional
boundary direction is discussed and related to the existence
of edge states. The results here may be extended to the
cousins of phosphorene, such as 2D group-VA arsenene,
antimonene, and bismuthene [49].

Second, based on the 2D crystallographic characteri
zation, we propose a two-terminal Z-shaped homogenous
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junction based on PNR and calculate its transport
properties using the KWANT code based on TB [48]
combined with a scattering-matrix approach from wave-
function matching [50–52] for treating large enough sys-
tems comparable with experimental samples. The two
electrodes of the junction are semi-infinite ZPNRs with the
same width of approximately 100 nm, where the central
scattering region of a segment of PNR with edge-tilting
angles from 0◦ to 90◦ is sandwiched between them. In
consequence, the two hypotenuse edges of the central
phosphorene quantum dot (PQD) sweep over all possible
geometrical morphologies. Interestingly, the conductance
spectrum depends sensitively on the tilting angle of the
Z-shaped junction. For the junctions of PQDs with edge
states, the transport behavior exhibits a conductance ter-
race with resonant oscillation in the low-energy regime;
otherwise, the electron transport is blocked due to the
absence of edge states. Remarkably, the number of con-
ductance oscillating peaks is exactly equal to the number of
outermost phosphorus atoms in the zigzaglike edges of the
center PQD, since the discrete energy levels of the zigza-
glike atomic configurations provide the transport channels
for the electrons. These findings may provide a reference
for the experimental preparation of better nanodevices.

This paper is organized as follows. In Sec. II, we first
present the 2D crystallographic characterization of phos-
phorene, in which the crystallographic direction on the
plane is uniformly described by a chiral vector or angle.
By this vector (angle), the crystallographic directions with
possible boundary edge geometries are identified, partic-
ularly including the newly recovered slope edge. Further,
the calculation method using the KWANT code based on TB
combined with a scattering-matrix approach is described.
In Sec. III, a few examples of typical PNRs with a sta-
ble structure are first analogized and then the PNR-based
Z-shaped junction with different tilting degrees, in which
the central PQD with various edge morphologies is con-
structed, and the transport properties are studied in detail.
Also, the main results are presented numerically, together
with the microscopic explanation and discussion. Finally,
we summarize our results in Sec. IV.

II. MODEL DESCRIPTION AND METHOD

A. 2D crystallographic characterization

Phosphorene is a typical orthorhombic-structured 2D
material with two principal crystallographic directions, the
zigzag and armchair directions, as shown in Fig. 1 and
denoted as the x axis and y axis, respectively. It is known
that the period of minimum rotation angle for graphene
is 30◦ from the zigzag to the armchair direction [10,41].
Due to the highly anisotropic structure of phosphorene,
however, it needs to rotate 90◦ anticlockwise from the
zigzag to the armchair direction. In consequence, more
possible directions may exist along which PNRs form by

cutting a phosphorene in addition to along the conventional
zigzag and armchair directions, as well as the previously
verified SA and SZ directions [14,44]. Therefore, a uni-
fied identification for the crystallographic direction on 2D
phosphorene is still in great demand.

The low symmetry of phosphorene leads to higher
structural complexity compared to other 2D materials
[10,41,42] such as graphene, silicene, hexagonal BN (h-
BN), and MoS2, all of which have a regular hexagonal
symmetry in 2D. In previous works, the symmetry of phos-
phorene has been studied in terms of point-group theory
[53]. In order to simply characterize the crystallographic
directions for phosphorene by using the inversion symme-
try to reduce the degree of freedom [29,53], here we first
ignore the z direction in the structure and add its effect on
nanostructures in the next step. This simplification means
that there are only two atoms in a primitive cell instead of
the standard four atoms per primitive cell. Therefore, the
2D planar crystallographic directions of a phosphorene can
be characterized by an orientational (chiral) index (m, n)

or, equivalently, a chiral angle θ . Further, (m, n) or θ also
determines a minimum unit vector along the corresponding
crystallographic direction. Therefore, we can define a chi-
ral vector to characterize the crystallographic directions,
which is given by

T = ma1/2 + na2/2. (1)

Here, a1 and a2 are the primitive vectors of phosphorene,
with amplitudes a1 = 3.32 Å and a2 = 4.38 Å along the
x and y directions [54], respectively. The module of T is
the length of the hypotenuse of the red dot-dashed-line
right-angled triangle for each direction, shown in Fig. 1.
Hence m and n are integers for the projection of T onto
the x and y directions in terms of a1/2 and a2/2, respec-
tively. In order to ensure that both m and n are integers, the
two sides of the right-angled triangle in Fig. 1 are taken
as half of the primitive vectors. Thus, we can obtain a
series of possible crystallographic directions of phospho-
rene only when m + n = even, because the m + n = odd
case is unphysical according to our definition of T. To sat-
isfy the condition for the chiral index, both m and n must
simultaneously be even or odd. As a result, their difference
is also an even integer. In particular, |m − n| = 0 corre-
sponds to chiral index (m, n) = (1, 1) for the SZ direction.
In addition, when the difference is a nonzero even number,
the corresponding chiral indexes are (3,1), (1, 3), and (5,
1), and so on, respectively (also see Fig. 1).

Meanwhile, we can accordingly introduce a chiral
angle as

θ = arctan(na2/ma1), (2)

which connects with the chiral index (m, n). Therefore, a
crystallographic direction on the phosphorene plane can be
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FIG. 2. The length of the unitary chiral vector T as a function
of the chiral angle, where the lengths indicated by the red spheres
plus the black and red circles form a distributional pattern with
two separated U shapes in which all the other dots are inside the
valleys, except for the three colored stars corresponding to chiral
angles 0, 52.84, and 90◦, respectively.

characterized by either a chiral vector T or index (m, n), or
angle θ . Despite all this, however, the structural character-
ization is still very different from that for graphene with a
regular hexagonal symmetry [41].

For specification, in Fig. 2 we present T (the modulus
of T) as a function of θ from 0◦ (zigzag) to 90◦ (arm-
chair), where the different-colored and -shaped dots denote
the different combinations of m and n. For example, the
red spheres indicate the value of T for |m − n| = 2, the
blue squares for |m − n| = 4, and so on. Importantly, the
black and red circles denote the values for (2m′ + 1, 1)

and (1, 2n′ + 1), which correspond to the directions with
chiral angle near 0 and 90◦, respectively. As shown in
Fig. 2, the distribution of T varying with θ for the direc-
tions simultaneously obeying |m − n| = 2, (2m′ + 1, 1),
and (1, 2n′ + 1) forms an interesting pattern of two sep-
arated U shapes. All other points with different chiral
indexes are located inside the U shapes, except for the
three special points indicated by stars. One is the split
point indicated by a green star between two U shapes at
θ = 52.84◦ (SZ direction), along which T = (a2

1 + a2
2)

1/2.
The other two (brown and blue) star points at θ = 0◦ and
90◦ correspond to the two boundaries of the zigzag and
armchair, respectively. Further, the bottoms of the two U
shapes are at the two special chiral angles of 23.74◦ and
75.82◦, respectively, which correspond to the SA and the
discovered SL directional boundaries. Moreover, with the
increase of |m − n|, T becomes longer and the atomic con-
figuration of the corresponding boundary turns out to be
more complicated.

Based on the above description, we conclude that, as
shown in Fig. 1 and Table I, a phosphorene can essentially

be divided into four major regions as the chiral vec-
tor rotates around the z axis from the zigzag direction
at chiral angle θ = 0◦ to the armchair at 90◦. These
four regions are also indicated by the angle ranges of
0-θ1(23.74◦), θ1–θ2(52.84◦), θ2–θ3(75.82◦), and θ3–90◦,
with the regional boundaries determined by the five crys-
tallographic directions along the zigzag, the SA (thick
blue solid line), the SZ (thick green solid line), the SL
(thick red solid line), and the armchair, respectively. More
specifically, the crystallographic directions of the regi-
nal boundaries are described by the indexes (2,0), (3,1),
(1,1), (1,3), and (0,2), respectively, at θ=0, θ1, θ2, θ3, and
90◦ or, equivalently, by the unitary-vector length T = a1,
(9a2

1 + a2
2)

1/2/2, (a2
1 + a2

2)
1/2/2, (a2

1 + 9a2
2)

1/2/2, and a2.
We note that, with the exception of the discovered SL,
the other four peculiar directions and their corresponding
PNRs have been previously studied [14,43,44]. PNRs cut-
ting along the SL direction and also with stable edges,
however, have not yet been reported.

Further, other crystallographic directions also exist
within each region, which are shown in an exemplary
manner in Fig. 1 by the thin solid lines. Along these
directions, the projection of unitary vector T on the hor-
izontal (vertical) axis can be obtained by the combination
of a1/2 (a2/2). For instance, when the chiral angle rotates
anticlockwise from θ1 with (m, n) = (3, 1), the vertical
component of T is always kept as a2/2, since the data
are in the left periphery of the first “U” (see Fig. 2) and
the horizontal one can be added with integer times of a1,
such as (5,1), shown by the thin blue solid lines in Fig.
1. The subsequent possible crystallographic directions in
this region are listed in the first column of Table I. Simi-
larly, when the chiral angle rotates anticlockwise from θ1
to θ2 (SA to SZ), the corresponding horizontal (vertical)
component of T varies in times of a1/2 (a2/2), such as
(4,2). A series of possible directions is also presented in
the second column of Table I. However, according to the
above derivation rule, we cannot obtain the varying law for
boundaries from SZ to the armchair direction. Therefore,
to complete the phase diagram, the discovered SL direc-
tional boundary must be filled in the region from the SZ
to the armchair. When the chiral angle rotates clockwise
from θ2 to θ3 (SL to SZ), the horizontal (vertical) projec-
tion of T varies with times of a1/2 (a2/2). In contrast,
as the SL direction rotates anticlockwise to the armchair,
there is a change of multiple a2 for the vertical component
of T but the horizontal component maintains unchanged
due to the data for the boundaries being distributed in the
right periphery of the second “U.” The resulting series of
boundary chiral numbers are shown in the third and fourth
columns in Table I, respectively. Examples of crystal direc-
tions with chiral indexes (4,2), (2,4), and (1,5) from θ1
to 90◦ are indicated in Fig. 1 by the thin blue and red
solid lines, respectively. However, as shown by the col-
ored stars in Fig. 2, the data for the three special boundary
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TABLE I. The 2D crystallographic directions of phosphorene with chiral indexes and
angles on the two U lines in Fig. 2.

0◦-θ1 θ1-θ2 θ2-θ3 θ3-90◦
Zigzag-SA SA-SZ SZ-SL SL-armchair
(m, n) θ (m, n) θ (m, n) θ (m, n) θ

(2,0) 0◦ (3,1) 23.74◦ (1,1) 52.84◦ (1,3) 75.82◦
(2m′+1,1)→ 0◦ (4,2) 33.41◦ (m′,n′+2)→ 52.84◦ (1,5) 81.38◦
...

...
...

...
(5,1) 14.78◦ (m′+2,n′)→ 52.84◦ (2,4) 69.24◦ (1,2n′+1)→ 90◦
(3,1) 23.74◦ (1,1) 52.84◦ (1,3) 75.82◦ (0,2) 90◦

directions, the zigzag, the SZ, and the armchair are outside
the U-shape valleys. In fact, the nanostructures with these
edges are the most stable and are favorably formed in
experiments [45].

Moreover, when we cut a 2D phosphorene sheet along a
certain crystal direction, it is found that two different man-
ners exist for tangents to atoms, due to the two nonequiv-
alent phosphorus atoms per primitive cell. Therefore, the
direction (1,1)52.84◦ is very particular, behind (beyond)
which the boundary edge is nonbearded (bearded) when
tangent to the lower atom, and vice versa when tangent to
the upper atom of the primitive cell. That is to say, the SZ
is the demarcation line between the with and without beard
conditions for the boundary edges. Further, for the cutting
manner shown by the solid lines in Fig. 1, all the boundary
edges have an obvious zigzaglike edge atomic morphol-
ogy except along the SZ and armchair directions. Whether
a boundary edge is bearded or nonbearded depends on
the number of dangled bonds of the outermost atoms.
For bearded (nonbearded) boundary edges, the number of
dangled bonds of the outermost atoms is two (one) per
atom.

Actually, when we consider the phosphorene nanos-
tructures, the effect of the z direction on the charac-
terization must be taken into account. This effect can
be reflected by the fact that there are two kinds of
arrangement for the outermost atoms along each crys-
tallographic direction. According to our definition for T,
the chiral indexes satisfying m + n = even have defined
all the directions for a phosphorene sheet shown in Fig.
1. When both m and n are odd, however, the outer-
most phosphorus atoms along the direction are alter-
nately located at the upper and lower sublayers. So
the supercell width of the nanoribbon cutting along this
direction is twice T. A typical example of this case
is shown by the thick-red-solid-line segment along the
SA(3,1) direction in Fig. 1. In comparison, when both
m and n are even, the outermost atoms are located at
the same sublayer. In this case, the supercell width is
just T [see the (4,2) direction]. The detailed classification
of the nanoribbons is discussed in the Supplemental
Material [55].

B. PNRs and the PNR-based Z-shaped junction
According to the structural characterization of

phosphorene in the previous subsection, one can principally
obtain PNRs with different edge morphologies by cutting a
phosphorene sheet along different crystallographic direc-
tions. In addition to the extensively studied ZPNR and
APNR [13,29], the ribbons made by cutting along the
other three regional boundary directions SA(3,1), SZ(1,1),
and SL(1,3), indicated by the thick solid lines in Fig. 1,
are denoted as (3,1)nbPNR, (1,1)bPNR, and (1,3)bPNR,
respectively, where “bPNR” or “nbPNR” denotes a rib-
bon with or without bearded edges. On the other hand,
the ribbons made by cutting along SA(3,1), SZ(1,1), and
SL(1,3) according to the dashed lines in Fig. 1 are denoted
as (3,1)bPNR, (1,1)nbPNR, and (1,3)nbPNR, respectively.
These six types of PNRs are sketched in Figs. 3(a)–3(f),
respectively, where the red dashed parallelogram in each
PNR indicates its minimum periodical supercell. Since
their outermost atoms along these ribbon edges are alter-
nately located at the upper and lower sublayers, their
supercell width is twice T for both bearded and nonbearded
edges. Among these ribbons, only (3,1)PNR and (1,1)PNR
have been previously studied [14]. For the (1,3)PNRs
along SL, the chiral angle is 75.82◦ and the edge mor-
phology is more likely to be an APNR, which is obviously
different from the (3,1)PNRs along SA (23.74◦) near the
zigzag edge. In addition, these ribbons obviously do not
have mirror symmetry, as do the normal ZPNR and APNR
[13]. As mentioned in the above subsection, the ribbons
cutting along the SA and SL solid lines have a peri-
odic zigzaglike edge morphology. Importantly, this edge
morphology is destroyed for the ribbons along the dashed-
line directions. Therefore, in order to reflect the particular
edge atomic morphology, as shown in Figs. 3(a)–3(f), we
have to choose different red-dashed-line parallelograms
as the supercells for (3,1)nbPNR, (1,1)bPNR, (1,3)bPNR,
(3,1)bPNR, (1,1)nbPNR, and (1,3)nbPNR, respectively.

The stability of PNRs is an important issue, which has
been previously studied by calculating the free energy
[36,43]. The stability for (3,1)PNR and (1,1)PNR has been
studied in previous work, which implies that the non-
bearded ribbon is more stable. Therefore, in this work,
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(a) (b) (c)

(d) (e) (f)

FIG. 3. Illustrations of (a) (3,1)nbPNR, (b) (1,1)bPNR, (c)
(1,3)bPNR, (d) (3,1)bPNR, (e) (1,1)nbPNR, and (f) (1,3)nbPNR,
where the red-dashed-line parallelogram in each PNR indicates
its minimum periodical supercell.

we just compare the stability of the three ribbons in the
nonbearded case and we also study the difference in sta-
bility between (1,3)bPNR and (1,3)nbPNR. Using a first-
principles calculation based on density-functional theory
(DFT) [33], we verify the binding energies of the four
narrow ribbons shown in Figs. 3(a), 3(c), 3(e), and 3(f).
The order of the stability for these ribbons is (1,1)nbPNR,
(3,1)nbPNR, (1,1)nbPNR, (1,3)nbPNR, and (1,3)bPNR,
with the width being approximately 2 nm. With an increase
of the width, the ribbons will become more stable, with
lower binding energies.

Next, we propose a two-terminal Z-shaped junction
based on PNRs as shown in Fig. 4, where the electrodes
of the junction are two semi-infinite ZPNRs with the same
width of approximately 100 nm and the central scatter-
ing region is a Z-shaped PQD that contains a segment of
PNR with different tilting angles. The tilting angle θ of
the PQD corresponding to the chiral angle varies from
0 to 90◦; as a result, the two hypotenuse edges of the
PQD sweep over all possible geometrical morphologies.
The enlarged typical edge geometries of the ribbons in
Figs. 3(a)–3(c) [Figs. 3(d)–3(f)] are shown on the left-
hand (right-hand) side of Fig. 4. This type of homogeneous
junction may be etched on a sample sheet of 2D mate-
rials as a development of experimental technology and it
has been extensively studied for graphene, silicene, h-BN,
and so on [56,57]. However, for phosphorene, the edge
(state) effect has only been considered for quantum-dot
and ring structures [58,59], although it is primarily the
PNR-based Z-shaped junction that has been studied [60].
In this work, we further study this Z-shaped PNR junction
to explore the influence of the variation in edge geometri-
cal morphology (corresponding to different tilting angles)
on the transport properties. The significance is that the con-
nection between the different parts of the homogeneous
junction does not destroy the original lattice structure.

This may be impossible for inhomogeneous heterojunc-
tions with electrodes made of another material, because
there is always a lattice mismatch. Furthermore, the Z-
shaped junction allows for a short ribbon with all possible
edges embedded in the junction, in which the existence of
the resonant-tunneling phenomenon [61] can be expected.

C. Computational details

The numerical calculations here are performed by using
the KWANT code based on the TB Hamiltonian and the
atomistic quantum-transport simulations are based on the
scattering-matrix approach from solving the wave function
[50–52]. Compared with the conventional first-principles
calculations [33], this method can calculate large nanos-
tructures matching the usual experimentally reachable
sample size up to sub-100-nm scales with better preci-
sion [48]. This advantage enables us to truly explore the
electron structure and transport properties for the phos-
phorene nanostructures with different edge morphologies
realized in our experiments and to provide a fundamental
understanding in preparation for the design of nanodevices
[39,62].

In specification, the ribbons shown in Fig. 3 and the
junction shown in Fig. 4, whether the system with and
without bearded edges is considered, respectively. And the
stability are analyzed using the first-principles approach.
In the calculation, the scale of the systems is adapted by
about 10–30 nm to meet the current experimental devel-
opment [62], which is large enough to show a good illus-
tration of the credibility and feasibility for the calculated
results. This scale is more suitable for using KWANT, a
PYTHON package for numerical quantum-transport calcula-
tions. We use a TB model based on the quasiparticle orbit
to describe the low-energy electrons in phosphorene [54].
The parameters of the TB model are obtained by fitting
its low-energy-band structure of phosphorene to the one
computed using the density-functional theory- (DFT) GW
approach [54] and it has been shown that the fitted TB

FIG. 4. A schematic illustration of the PNR-based Z-shaped
junction, where the left-hand and right-hand enlarged views
show the six types of edge geometric morphologies in the central
scattering region with variation of the tilting angle [correspond-
ing to Figs. 3(a)–3(f)].
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model can reproduce the band structure of phosphorene
in the low-energy regime well compared to the DFT-GW
approach [54].

The formal TB Hamiltonian for the considered system
is

H =
∑

i

εic
†
i ci +

∑
i�=j

tij c†
i cj , (3)

where the summation runs over all lattice sites, εi is the
on-site energy at site i, tij is the hopping energy between
sites i and j , and c†

i (cj ) is the creation (annihilation) oper-
ator of an electron at site i ( j ). It has been shown that five
hopping parameters (see Fig. 1) are enough to describe
the electronic band structure of phosphorene with hop-
ping energies t1 = −1.220 eV, t2 = 3.665 eV, t3 = −0.205
eV, t4 = −0.105 eV, and t5 = −0.055 eV [54]. Starting
from the Hamiltonian, we can calculate the local density
of states (LDOS) using the following formula:

LDOS(E) = 1

c
√

2π

∑
n

|�n(r)|2e−(En−E)2/2c2
, (4)

where c is a broadening parameter and �n(r) and En are
the eigenfunction and eigenvalue, respectively, in which
n denotes the energy-band index and r the atom posi-
tion. Further, the conductance of the junction at zero
temperature can be calculated by using the Landauer
formula [63]

G = 2e2

h

∫
dE

(
−∂f0

∂E

)
T(E), (5)

where f0(E) = 1/[e(E−EF )/kBT + 1] is the equilibrium dis-
tribution function with Fermi energy EF and T(E) =
Tr[�L(E, V)G(E, V)�R(E, V)G†(E, V)]—in which L and R
label the left and right electrodes of the system, respec-
tively—is the transmission coefficient through the junction
from electrode L to electrode R, with G (G†) being the
retarded (advanced) Green function of the central region
and �L/R being the coupling matrix between the scattering
region and the left or right electrode.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Electronic structure for PNRs

By solving the difference Schrödinger equation cor-
responding to the Hamiltonian on the proper basis for
the supercell adopted in Fig. 3 and applying the Bloch
theorem, the k-dependent Hamiltonian for a PNR can be
written as H(k) = H0,0 + H0,1eika + H †

0,1e−ika in the form
of an (N × N ) dimensional matrix. Here, N is the num-
ber of atoms in the supercell drawn by the red dashed line
in Fig. 3, H0,0 is the matrix of the central cell, H0,1 is the

coupling matrix with the right-hand adjacent cell, and a is
the length between two nearest-neighbor cells. Diagonaliz-
ing this k-dependent Hamiltonian, we can obtain the band
spectrum and the corresponding eigenwave functions. Fol-
lowing the procedure described in the last subsection, we
can also obtain the conductance and the LDOS for the
system.

The calculated energy band (left-hand panels) and con-
ductance (right-hand panels) are shown in Figs. 5(a)–5(d)
for the four most stable (3,1)nbPNR, (1,1)nbPNR,
(1,3)bPNR, and (1,3)nbPNR with widths around 4 nm,
respectively. Also, the choice of the supercells has con-
sequently taken the effect of the z direction into consider-
ation. In each figure, the embedded inset in the right-hand
panel is the LDOS at the energy indicated by the red dot
in the corresponding left-hand panel. First, for the band
structure of (3,1)nbPNR shown in Fig. 5(a), the twofold-
degenerate edge bands indicated by the red dashed and
blue solid lines pass through the Fermi level exhibiting
the metallic property, while (1,1)nbPNR is a direct-band-
gap semiconductor as shown in Fig. 5(b). This recovers
the results of the previous straightforward calculation for
these two types of ribbon [14]. However, for the discovered
(1,3)bPNR, the twofold-degenerate edge bands around the
Fermi level are also detached from the bulk bands. This
is similar to the band structure of (3,1)nbPNR, but the
bulk band (thin black solid line) and its position relat-
ing to the edge state are still significantly different. To
further confirm the existence of the edge states, we cal-
culate the LDOS at the energy marked by the red dots
on the edge bands; the thumbnail of LDOS embedding in
the right-hand panels depicts the real-space localization of
electrons. From the LDOS for (3,1)nbPNR and (1,3)bPNR,
we observe the obvious electron clouds to be mainly local-
ized at the unsaturated phosphorus atoms in the zigzaglike
edges of the ribbons, which results from the lone pair elec-
trons at the edges [16]. In contrast, for (1,1)nbPNR, the
electron states at the conduct band minimum (CBM) are
not contributed by the atoms at the edges of the ribbons.

Further, the distinctive electronic properties of PNRs
have a direct consequence on the transport properties. As
shown in each right-hand panel of Figs. 5(a)–5(d), the con-
ductance displays a clear stepwise structure. The quantized
conductance plateaus follow the sequence G = ne2/h,
with n denoting positive integers. For (3,1)nbPNR and
(1,3)bPNR, when the energy is within the band gap around
the Fermi level, their conductance has a quantized plateau,
which is clearly induced by the edge states. However, nei-
ther (1,1)nbPNR nor (1,3)nbPNR have a quantized plateau
near the Fermi level, because there are no edge states near
the Fermi level. On the other hand, we need to understand
the effect of a PNR with a bearded or nonbearded edge
on the electronic structure. Previous studies have shown
that for the beard-ZPNR [or (2,0)bPNR], (3,1)bPNR,
and (1,1)bPNR, the band structure is essentially different
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(a) (b)

(c) (d)

FIG. 5. The calculated energy band (left-hand panels) and
conductance (right-hand panels) for (a) (3,1)nbPNR, (b)
(1,1)nbPNR, (c) (1,3)bPNR, and (d) (1,3)nbPNR with widths
around 4 nm, respectively, where the embedded inset in each
right-hand panel is the LDOS at the energy indicated by the red
dot in the corresponding left-hand panel.

from that for the nonbearded counterpart, especially with
regard to whether or not edge states exist [14,29]. For
(2,0)bPNR and (3,1)bPNR, we see that the bulk bands
remain unchanged, but the edge states disappear. For the
discovered (1,3)bPNR, an edge band occurs around the
Fermi level. However, (1,3)bPNR is special due to the
original bearded edges and its band structure is charac-
terized by the significant edge states, as shown in Figs.
3(c) and 5(c). Interestingly, when we translate the edge
outward by one atom for (1,3)bPNR, we then obtain
(1,3)nbPNR, as shown in Fig. 3(f). As a result, as shown
in Fig. 5(d) in comparison with Fig. 5(c), although its bulk
bands are unchanged, the edge states disappear. Hence it
becomes a direct-band-gap semiconductor like the APNR
and (1,1)nbPNR.

For a pristine PNR, in summary, the presence or absence
of a bearded edge determines the existence of the zigza-
glike edge morphology resulting in the edge-state bands.
The electronic localization caused by the edge zigzaglike
atomic configuration may be due to the that phosphorene
is a second-order topological insulator [64], which is still
an open question. The PNRs with possible edges along the
directions given by the solid lines in Fig. 1 all have edge
states near the Fermi energy, except for the armchair edge.
Along these directions, there is always a periodic zigza-
glike edge geometry, except for (1,1)bPNR, the edge states
of which are caused by the unsaturated atoms. Therefore,
the (1,1)SZ crystallographic direction is a demarcation
line, behind (beyond) which are the PNRs without (with)

bearded edges, or vice versa for an alternative tangent man-
ner along the same direction. Within the chiral angle range
of 0–θ2 (below the SZ), all the PNRs without a bearded
edge have a zigzaglike edge morphology, but this edge
morphology is absent for the corresponding bearded PNRs.
In this case, the electrons are not localized on the out-
ermost atoms, which results in no edge states. For the
θ2–90◦ range, in contrast, the zigzaglike edge morphology
of the bearded PNRs derives originally from the dangling
phosphorus atoms, but for nonbearded PNRs this property
disappears due to the saturation of the dangling atoms. This
conclusion is consistent with that for graphene [41].

B. Transport properties of the Z-shaped junction

The proposed Z-shaped junction in Fig. 4 consists of
two semi-finite ZPNR electrodes and the central scatter-
ing region of a Z-shaped PQD. As the degree of torsion of
the junction is varied, the tilting angle of the center PQD
can be altered from 0 to 90◦; hence the whole junction is
changed from a standard ZPNR to an APNR. However, in
this process the two edges of the PQD sweep over all possi-
ble geometrical morphologies described in Secs. II B (see
also Fig. 1 and Table I). As a result, the electronic band
structure of the PQD varies alternatively between the pres-
ence and absence of edge states near the Fermi energy and
the whole junction is consequently either conducting or
semiconducting. In order to explore the variation of trans-
port for the junction, in Figs. 6(a)–6(f), we first show the
calculated conductances (in units of e2/h) for the junction
with PQD edges along the three regional boundaries shown
in the two sides of Fig. 4, with (3,1)nb, (1,1)b, (1,3)b,
(3,1)b, (1,1)nb, and (1,3)nb edges, respectively. Appar-
ently, as shown in Figs. 6(a)–6(c), the junction of a PQD
with the (3,1)nb, (1,1)b, and (1,3)b edges, respectively,

(a) (b) (c)

(d) (e) (f)

FIG. 6. The conductance (in units of e2/h) spectrum of the
Z-shaped junction, where the central scatter PQD with (a) the
(3,1)nb edge, (b) the (1,1)b edge, (c) the (1,3)b edge, (d) the
(3,1)b edge, (e) the (1,1)nb edge, and (f) the (1,3)nb edge
correspond to Figs. 3(a)–3(f), respectively.
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 7. The oscillation peaks on the conductance terrace (in units of e2/h) within the low-energy range for the Z-shaped junction
with an increase of the titling (chiral) angle θ , for (a) the (5,1)nb edge, (b) the (3,1)nb edge, (c) the (4,2)nb edge, (d) the (5,3)nb edge,
(e) the (3,5)b edge, (f) the (2,4)b edge, (g) the (1,3)b edge, and (h) the (1,5)b edge. The thin red lines in (a) and (h) are the conductances
for the (7,3)nb and (3,7)b edges, respectively. The insets show the corresponding PQD edge geometries, where the red dots denote the
outermost phosphorus atoms along the zigzaglike edge and integer N is the number of outermost atoms.

exhibits a conductance plateau of 2e2/h with oscillations
within the energy ranges −0.072 to +0.072 eV, −0.153 to
+0.156 eV, and −0.095 to +0.053 eV, respectively, due to
the edge states [14]. On the contrary, the junction of a PQD
with (3,1)b, (1,1)nb, and (1,3)nb edges, as shown in Figs.
6(d)–6(f), displays almost zero conductance because of the
obvious band gap [14]. The result indicates that the edge
states of the PQD also play an important role in transport
for a Z-shaped junction. This interesting transport property
has also been reported for a planar homogenous junction
formed by graphite ribbons with different edges [61].

Next, to find the origin of the conductance oscillat-
ing peaks, in Fig. 7 we present the low-energy conduc-
tance spectra for the junction with θ in ascending order
from 14.78 to 81.38◦, within which the PQDs along the
directions of the (5,1)nb, (3,1)nb, (4,2)nb, (5,3)nb, (3,5)b,
(2,4)b, (1,3)b, and (1,5)b edges are selected, respectively.
These eight edges all have an obvious zigzaglike geometry,
with enlarged views of the edges inserted in each figure.
Consistent with the previous the band structure for PNRs
with different edges, in Figs. 7(a)–7(d) the conductance
spectra for the PQD with four different nonbearded edges
all have an oscillating terrace provided by the edge states
around the Fermi level. Since the function of the outer-
most atoms along the zigzaglike configuration is similar to
those of the actual zigzag edge, they are used as a medium
atom for electron transport [29]. On the other hand, the
spectra shown in Figs. 7(e)–7(h), respectively, for bearded

(3,5), (2,4), (1,3), and (1,5) edges have a similar feature,
with an oscillating terrace provided by the edge states.
Although these edges with a tilting angle close to 90◦ result
in an edge atomic configuration similar to the armchair
type, the bearded SL and its derivative edges still form a
periodic zigzaglike configuration due to the outermost dan-
gling phosphorus atoms. This function of the bearded edge
for PNRs has also been demonstrated previously [14,29].

When the hypotenuse of a PQD has an edge behind
or beyond the SZ direction, such as in the case of the
(3,1)nb and (1,3)b edges, the junctions exhibit similar
transport behavior due to the existence of zigzaglike edge
geometry. This is because the outermost phosphorus atom
along the zigzaglike edges of the PQD forms an elec-
tronic bound-state [64], which is expressed in the energy
band as discrete energy levels. These discrete energy lev-
els cause the orphaned electrons at the edge to be hopped,
to produce an oscillating form of transport behavior. The
function of the outermost atoms along the edges can also
be reflected well in the conductance spectrum. Interest-
ingly, as clearly shown in Figs. 7(a)–7(h), the number (N )
of the terrace oscillating peaks exactly matches the num-
ber of outermost phosphorus atoms indicated by the red
dots within a hypotenuse edge of a PQD, which is also
related to the number of minimum-period length T along
a hypotenuse edge of a PQD because the electrons are
localized at each zigzag configuration regardless of the
sublayer. Therefore, for a Z-shaped junction with a certain
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s

FIG. 8. The conductance of the junction as a function of the
tilting angle with |T| less than 20 Å, where the hypotenuse of the
central part with and without a bearded edge is indicated by the
red spheres and the blue triangles, respectively, and the vertical
dashed lines imply the three particular regional boundaries.

size, as the edge of the central PQD continuously sweeps
over all possible values of θ , the value of N is varied. In
addition to the above eight tilting angles, there are many
other angles, as indicated by the different-colored and -
shaped dots in Fig. 2. The conductance spectrum of a
junction with these edge boundaries also exhibits oscillat-
ing characteristics in the low-energy regime, as shown by
the thin red lines in Figs. 7(a) and 7(h). For large T, the
zigzaglike edge may have more inner structures in com-
parison with those for edges with small T. Further, these
atomic configurations also produce various scatters that
can cause severe interference to the oscillating transport
of the electrons, making the discrete levels degenerate and
reducing the corresponding conductance. For example, in
Fig. 7(a), due to the degeneracy of the energy level and the
scattering of the bearded edge atomic configurations, the
number of conductance peaks is less than that of the outer-
most phosphorus atoms and the conductance value is also
less than 2e2/h. On the other hand, the value of T also lim-
its the conductance. By more calculations, we find that the
conductance of the junctions with T less than 20 Å is effec-
tive in the low-energy regime; otherwise, the conductance
value is extremely small as T is beyond this critical value.

Finally, the data for the calculated conductance versus
the titling angle for our Z-shaped junction, the central PQD
of which has more possible edges with T less than the crit-
ical value of 20 Å, are summarized in Fig. 8, where the
blue (red) triangles (spheres) for the nonbearded (bearded)
case and the vertical dashed lines indicate the three par-
ticular regional boundaries. As the titling (chiral) angle θ

varies from 0 to 90◦, we can see that the SZ(1,1) at 52.84◦

is more special, behind (beyond) which the conductance
is nonzero (zero) for the junction with nonbearded edges.
The situation for the junction with bearded edges is just the
opposite of the nonbearded case and the two cases are com-
plementary. In addition, more information can be obtained
from the phaselike diagram shown in Fig. 8. For instance,
the conductance of the junction with θ ranging from 0 to
90◦ depends sensitively on the module length Tbetween 0
and 2e2/h. Near the three regional boundaries 0◦ (zigzag),
52.84◦ (SZ), and 90◦ (armchair), T is larger, which results
in a decreasing conductance. This result is consistent with
the distribution of T near the bottom of the “U” in Fig. 2.
If T is beyond this critical value, the conductance tends to
zero, although there are still edge channels for the junction
in the low-energy regime.

IV. SUMMARY AND CONCLUSION

We theoretically study the 2D crystallographic charac-
terization of an anisotropic phosphorene and its applica-
tions in nanostructures. A chiral number (vector) or chiral
angle is defined to uniformly describe the planar crys-
tallographic directions on a phosphorene. As the chiral
angle increases from 0◦ to 90◦, the edge geometry along
the boundary varies from zigzag to armchair and sweeps
over all possible edge morphologies during the process.
We find that a phosphorene can be divided into four fan-
shaped regions determined by boundary chiral angles 0◦,
θ1(23.74◦), θ2(52.84◦), θ3(75.82◦), and 90◦, among which
the characteristics are different each other. Therefore, by
cutting a phosphorene along these five regional boundary
directions, one can obtain the previously studied ZPNR,
SAPNR, SZPNR, and APNR. This leads to the definition
of a PNR that has an edge atomic configuration with SL
edge geometry along θ3. Essentially, the SL direction is
similar to the SA one, with a periodic zigzaglike edge mor-
phology supporting edge states. Further, we then demon-
strate the variation in electronic property for PNRs with
different edge atomic geometries by using the KWANT TB
code, in which particular attention is paid to the SLPNR,
which intrinsically has twofold-degenerate edge states. In
addition, in each regional boundary direction, the origin of
the bearded and nonbearded edges is discussed and related
to the existence of the edge states. We find that the (1,1)
direction is the dividing line, below (beyond) which the
ribbon with has nonbearded (bearded) edges.

Second, we propose a two-terminal Z-shaped homoge-
nous junction based on a PNR and calculate its transport
properties by using the scattering-matrix approach to treat
large enough systems that are comparable with experi-
mental samples. The two electrodes of the junction are
semi-infinite ZPNRs with the same width of approximately
100 nm, where the central scattering region of a segment
of PNR with edge-tilting angles from 0 to 90◦ is sand-
wiched in between. As a consequence, the two hypotenuse
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edges of the central PQD sweep over all possible geometri-
cal morphologies. Interestingly, the conductance spectrum
depends sensitively on the tilting angle of the Z-shaped
junction. For the junctions of PQDs with edge states,
the transport exhibits a conductance terrace with resonant
oscillation in the low-energy regime; otherwise, electron
transport is blocked due to the absence of edge states.
Remarkably, the number of conductance oscillating peaks
is exactly equal to the number of outermost phosphorus
atoms in the zigzaglike edges of the center PQD, since
the discrete energy levels of the zigzaglike atomic config-
urations provide the transport channels for the electrons.
The findings here may be extended to the group-VA 2D
materials, such as 2D group-VA arsenene, antimonene, and
bismuthene, to observe the electronic properties of nanos-
tructures in experiments and provide a reference for the
preparation of better nanodevices.
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