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Structural, electronic, mechanical, and transport properties of phosphorene nanoribbons:
Negative differential resistance behavior
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Structural, electronic, mechanical, and transport properties of two different types of phosphorene nanoribbons
are calculated within the density functional theory and nonequilibrium Green’s function formalisms. Armchair
nanoribbons turn out to be semiconductors at all widths considered. Zigzag nanoribbons are metallic in their layer-
terminated structure, but undergo Peierls-like transition at the edges. Armchair nanoribbons have smaller Young’s
modulus compared to a monolayer, while zigzag nanoribbons have larger Young’s modulus. Edge reconstruction
further increases the Young’s modulus of zigzag nanoribbons. A two-terminal device made of zigzag nanoribbons
show negative differential resistance behavior that is robust with respect to edge reconstruction. We have also
calculated the I -V characteristics for two nonzero gate voltages. The results show that the zigzag nanoribbons
display strong p-type character.
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I. INTRODUCTION

Since the synthesis of graphene sheets [1] there has been a
steady interest in two-dimensional (2D) materials mainly for
electronic applications. Graphene turned out to be a material
with remarkable properties: very high charge carrier mobility
(∼200 000 cm2/V s) [2], high thermal conductivity (∼5000
W/mK), and unusually large mechanical strengths (Young’s
modulus of ∼2 TPa) [3]. However, the advantage of high
mobility in field effect transistor (FET) devices is lost due to
absence of a band gap in graphene which results in a large
off-state current and a low drain current modulation.

This has led to search for other 2D materials with reasonable
mobilities and sizable gaps. A class of layered transition metal
dichalcogenides (TMDs), MoS2, MoSe2, WS2, and WSe2,
have attracted a lot of attention lately [4]. Monolayers and
few layers of these materials have been synthesized through
mechanical and chemical exfoliation [5]. These have shown
mobility values of a few hundred cm2/V s. Drain current
modulation as high as 108 has been achieved in FET devices
made of a monolayer MoS2 [6].

For the last couple of years, black phosphorus (BP), the
most stable allotrope of phosphorus, has attracted great atten-
tion. BP is a layered material like graphite in which successive
layers are held together by van der Waals (vdW) forces [7].
Few-layer samples of phosphorene (name given to a monolayer
of BP) have been exfoliated by various means [8–11]. FET
devices have also been made using few-layer phosphorene
as the channel. Few-layer phosphorene offers a reasonable
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mobility and band gap. While the measured band gap of bulk
BP is ∼0.3 eV [12–14], it increases with decreasing number of
layers [9]. Mobility close to 1000 cm2/V s has been measured
in few-layer devices, and a drain current modulation of 105

has been achieved [8]. These properties make phosphorene an
attractive material for electronic applications, and therefore a
detailed quantitative understanding of its fundamental physical
properties is warranted.

That there is a significant interest in phosphorene currently
is evident from the number of experimental and theoretical
works on its electronic and mechanical properties [15–17],
thermal conductivity and thermoelectric effect [18–21], pho-
toluminescence [22], etc. The effect of native defects [23],
vacancies, and adatoms [24] have also been investigated. Tun-
ability of electronic properties of phosphorene, for example
due to strain [15,25,26], brings out interesting application
potentials for this material. In addition to phosphorene sheets,
phosphorene nanoribbons (PNR) have also been studied the-
oretically [27–30]. One of the initial motivations for studying
PNRs was to have an additional control over the band gap
through manipulating the width of the PNRs [27]. In any case,
channel materials are finite in the direction perpendicular to the
current, which gives a motivation for studying PNRs. It may
be noted that it is possible to form PNRs with three different
types of edges: zigzag (zPNR), rugged (or armchair) (aPNR),
and linear (lPNR) edges.

Although the excitement generated by phosphorene is due
to its promising role as a channel material in FETs, we are
aware of only two other theoretical works on transport (I -V )
characteristics of PNRs so far [31,32]. Zhang et al. [31]
have studied transport properties of zPNR devices of width
5 unit cells and lengths ranging from 3 to 6 units cells. More
importantly, they calculated transport characteristics of layer-
terminated (as obtained by truncating the monolayer), zPNR
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devices without considering reconstruction. As we show later,
edges of zPNRs undergo structural reconstruction. Therefore,
it is crucial to check whether the most important characteristic,
namely negative differential resistance (NDR), reported by
Zhang et al. survives edge reconstruction. In addition, we
study transport properties of zPNR devices of larger widths
and lengths. Thus our calculations are complimentary to those
of Zhang et al. Wu et al. [32], on the other hand, studied
transport characteristics of edge passivated zPNRs. Thus the
system they explored is very different from ours. And not
surprisingly, the transport pathways in these two systems are
also different, as we discuss in detail in Sec. III B. Our work
goes beyond these two works on two other counts. First, we
report transport characteristics of an aPNR device. It may be
noted that gate voltage is usual control on drain current in
FETs. Therefore, we have studied the effects of gate voltage
on transport in zPNR.

The rest of the paper is organized as follows. In Sec. II
we discuss the theoretical methods employed to calculate the
structural, electronic, and transport properties of monolayer
phosphorene and PNRs. In different subsections of Sec. III we
present our findings on the structural, electronic, and transport
properties of PNRs. We draw our conclusions in Sec. IV.

II. METHODS

The geometry and electronic structure calculations for
phosphorene sheet and PNRs are performed within a plane
wave density functional theory (DFT) formalism. An energy
cutoff of 500 eV is used for the plane wave basis set.
Interactions between the valence electrons and the ion cores are
represented by projector augmented wave (PAW) potentials.
The PBE gradient corrected functional [33] is used for the
exchange-correlation energy. In a few cases we have also
employed the hybrid HSE06 functional proposed by Hyde,
Scuseria, and Ernzerhof [34,35] to have a more accurate
estimate of the band gap. We could not use it in all the cases
because of its significant computational cost compared to the
PBE functional. In the HSE06 functional the short-range part
of exchange is a mix of Hartree-Fock (HF) nonlocal and PBE
semilocal functionals. The long-range parts of exchange and
correlation are taken exactly as in PBE. The full exchange-
correlation functional in HSE06 is written as

EHSE
xc = eEHF,SR

x (ω) + (1 − e)EPBE,SR
x (ω)

+EPBE,LR
x (ω) + EPBE

c , (1)

where EHF,SR
x , EPBE,SR

x , and EPBE,LR
x are the short- and long-

range parts of the HF and PBE exchange energies, respectively.
EPBE

c is the PBE correlation energy. ω gives the inverse length
that separates short- and long-range Coulomb interactions. e

determines the fraction of short-range HF exchange. We used
e = 0.25 and ω = 0.2 Å−1, the default values in HSE06. Use of
HSE06 increases the band gap compared to PBE, as expected.
An (8 × 8 × 1) Mokhorst-Pack (MP) k-point mesh is used
for Brillouin zone (BZ) integration for electronic structure
calculations of the monolayer. For the nanoribbons running
along the x and y directions (defined below) (8 × 1 × 1) and
(1 × 8 × 1) MP k-point meshes were employed. We kept a
vacuum space of 15 Å in all the nonperiodic directions in

FIG. 1. (a) Structure of monolayer phosphorene and (b) structure
of edge reconstructed zPNR (see text for details). Lattice constants
in the two in-plane directions are shown.

the supercell. All the atoms in the supercells were relaxed
using a conjugate gradient method till all the force components
became less than 0.01 eV/Å. The VASP code [36–39] was used
for these calculations.

A phosphorene monolayer has a rectangular unit cell with
four atoms forming the basis. Atomic structure of phosphorene
layer is shown in Fig. 1(a). The direction along the trenches is
designated as y in this work, while the perpendicular direction
in the plane of the monolayer is designated as x. The direction
perpendicular to the monolayer plane is designated as z. The
optimum lattice constants of a monolayer along the x and y

directions are found to be 4.62 and 3.3 Å, respectively, in good
agreement with other DFT calculations [40].

It is important to note the differences between monolayers
of graphene and phosphorene. A graphene layer is atomically
flat and each C atom is sp2 hybridized forming σ bonds with
three in-plane neighbors. A phosphorene monolayer, however,
is puckered with the P atoms being sp3 hybridized. Each of
them is covalently bonded to three neighbors, and has one lone
pair of electrons in the fourth hybrid orbital [41]. One may
have two different types of edges for PNRs that are periodic
along y: edges with P atoms that are either onefold or twofold
coordinated [27]. Earlier we termed these as the lPNR and
zPNR, respectively. In case of PNR’s periodic along x, only
one type of edge is possible in which, of the four atoms at
one edge of the unit cell, two are twofold coordinated and the
other two are threefold coordinated. These have been called
the rugged edges or armchair edges, and these PNRs the aPNR.

The transport calculations are performed within the
nonequilibrium Green’s functions (NEGF) formalism imple-
mented in the Quantumwise Virtual Nanolab [42–45]. We used
double-zeta polarized basis sets with a mesh cutoff of 70 Ry to
represent the electronic wave functions. The electron temper-
ature was set at 300 K. We used the same gradient corrected
PBE functional for the exchange-correlation energy. For BZ
integrations in these calculations, 100 k points were used in
the direction of current. Such a large number of k points was
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FIG. 2. Top view of the geometry of two-terminal zPNR device.

needed for convergence when simulating semi-infinite leads.
We consider a two-terminal device. The essential geometry of
our two-terminal device for a zPNR is shown in Fig. 2. The
region marked “A” (scattering region) is a finite piece of zPNR
whose transport properties are calculated. The regions marked
“C” on the two extremes of the device are the semi-infinite
electrodes. These are relaxed, edge reconstructed zPNRs. Once
optimized, electron densities in these regions are held fixed
during the transport calculations. The regions marked “B” are
called the electrode extensions. These act as transition regions
between the finite scattering region A and the semi-infinite
electrodes C, and are allowed to relax both structurally and
electronically during the transport calculations. The width
of region B is so chosen that the basis sets from regions A
and C do not overlap. Due to this the density in region C
is the same as that of the bulk charge density for zPNR. To
calculate the electronic structure and transmission function of
the device Poisson’s equation is solved in region B-A-B in a
self-consistent manner. The boundary condition is given by
the continuity of the charge density at the interface of regions
B and C. For a given bias voltage V , the Green’s function for
the device at an energy E is given by

GD(E) = [ESD − HD − �L(E) − �R(E)]−1, (2)

where SD is the overlap matrix in the device, HD is the
Hamiltonian for the device (scattering region), and �L and
�R are the self-energy matrices describing the coupling of the
scattering region to the left and right electrodes, respectively.
The broadening matrices are given by �L = i(�L − �

†
L) and

�R = i(�R − �
†
R).

The quantity of utmost importance in the Landauer-Büttiker
formalism is the transmission coefficient which is the trace of
the transmission matrix. The transmission matrix is given by

T (E) = Tr[�L(E)GD(E)�R(E)G†
D(E)]. (3)

The transmission matrix can also be written as

Tnm(E) =
∑

k

t
†
nktkm, (4)

where tnk is the transmission amplitude from the kth Bloch
state in the source electrode to the nth Bloch state in the drain
electrode. And the transmission coefficient

T (E) = Tr[Tij (E)]. (5)

The current pathways in the device can be understood from
the spatial profile of the transmission eigenstates which are
linear combination of the Bloch states

∑
n eα,nψn, where the

vectors eα,n diagonalize the transmission matrix∑
m

Tnmeα,m = λαeα,n,

with transmission eigenvalue λα . Once the transmission
function is obtained, the current was calculated using the
standard Landauer-Büttiker formalism with

I = 2e

�

∫ eV/2

−eV/2
T (E,V )[fL(E − μL) − fR(E − μR)]dE,

(6)

where f is the Fermi distribution function, T (E,V ) is the
transmission function at a given energy E for a bias voltage
V . T (E,V ) becomes a function of V because the DOS of the
electrodes change under application of bias voltage. Exactly
the same level of theory has been used in Refs. [31,32] allowing
a direct comparison of the results.

III. RESULTS AND DISCUSSION

A. Geometry and electronic structure of PNRs

A phosphorene monolayer is found to have a direct gap of
0.9 eV in PBE. The CBM occurs exactly at the � point in the
Brillouin zone. The VBM occurs marginally away from the
� point towards Y . Therefore, a monolayer phosphorene can
be considered practically to have a direct gap. This finding is
in agreement with what has been reported by Sa et al. [46]
and Tran et al. [47]. Using HSE06 also, the VBM was found
slightly away from the � point, while the CBM was still at the
� point. The gap turned out to be 1.6 eV. These results are in
very good agreement with the results published earlier [8,40].

As we stated before, one can form three different types
of PNRs. Energetic stability of PNRs are determined by their
formation energies. Formation energy (FE) of a PNR is defined
as

FE = ET − nμP, (7)

where ET is the total energy of the PNR composed of n

phosphorus atoms, and μP is the chemical potential of a P
atom in its reference state. In these calculations we have taken
a phosphorene monolayer as the reference state. The larger
the FE, the more energetically unfavorable is a structure. In
their layer-terminated structures, the formation energies of the
lPNRs turn out to be 1.2 eV per edge atom, while that of
zPNRs is 0.67 eV per edge atom. The formation energy of
the aPNRs is much smaller, 0.31 eV per edge atom. These
numbers are consistent with the fact that lPNRs have the largest
number of dangling bonds per edge atom, two. zPNRs, on the
other hand, have one dangling bond per edge atom, and hence
have a smaller formation energy. aPNRs have, on average, 1/2
dangling bond per edge atom. Consequently, it has the smallest
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TABLE I. Lattice constants and calculated band gaps of aPNRs
of various widths.

Width Lattice constant (Å) Band gap (eV)

2 5.07 1.20
3 4.75 1.03
4 4.69 0.70
5 4.67 0.53
6 4.66 0.48
8 4.65 0.42
10 4.64 0.42

FE. Here we will consider only the aPNRs and the zPNRs. The
lPNRs have the highest formation energies, and their edges are
highly unstable undergoing large reconstructions. Therefore,
they will not be considered here. Details about geometry and
electronic structure of lPNRs can be found in Ref. [27].

We optimized the lattice constants of aPNRs and zPNRs in
the periodic directions, should they be different from the lattice
constants of the monolayer in the corresponding directions.
The lattice constant of zPNRs turned out to be the same as that
of a monolayer, i.e., 3.3 Å, for all widths. Lattice constant of
aPNRs, however, depends strongly on the width, particularly
at smaller widths. It is found to be 5.07 Å for an aPNR of width
2. It decreases with increasing width, being 4.75 Å at width 3,
and 4.69 Å at width 4. After that the decrease is gradual, being
4.65 Å at a width of 8 unit cells. Lattice constant of all aPNRs
studied here are reported in Table I.

aPNR: Having optimized their lattice constants, we studied
electronic properties aPNRs of width 2–10 unit cells. All these
turn out to be indirect band gap semiconductors (in PBE). For
aPNRs of widths 4–6, the VBM appears at the � point and
the CBM appears between the � and the zone boundary. The
band gap of aPNRs of width 2 and 3 are 1.20 and 1.03 eV,
respectively, larger than the gap of a monolayer. The band
gap decreases monotonically with increasing width. At width
4, it falls below the gap of a monolayer, and is 0.70 eV.
Calculated band gaps of all the aPNRs are given in Table I. Guo
et al. [48] have studied these nanoribbons of width 7–12 unit
cells and have found them to be indirect gap semiconductors.
Carvalho et al. [28] have also reported similar calculations. We
calculated a ribbon of width 10, and this also turned out to be a
semiconductor having an indirect gap of 0.42 eV in agreement
with the results in Ref. [48]. One may conclude that the band
gap of aPNRs is not very sensitive to the width beyond 6 unit
cells, and an indirect to direct gap transition occurs somewhere
between a ribbon of width 12 unit cells and the monolayer.
Band structure of an aPNR of width 8 is shown in Fig. 3.

zPNR: In contrast to the aPNRs, the zPNRs have metallic
band structure at all widths between 1–8 in their layer-
terminated structures. In all of these, two bands cross the Fermi
energy. In zPNRs of width larger than 3 unit cells, both these
bands are exactly half-filled. This is understandable because
there is only one dangling bond per edge atom in the zPNRs.
The band structure turns out to be different for widths 1–3. The
k points at which these bands cross the Fermi energy depend
on the width of the PNR. However, none of these crossings
happens at simple fractions such a 1/2 or 1/4 from � to the
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FIG. 3. Band structure plot of an 8 unit cell wide aPNR.

zone boundary. We focus on zPNRs of width 4 and more as
these are likely to be practically important. Band structure and
the density of states (DOS) of a layer-terminated zPNR of
width 8 is shown in Fig. 4(a). The bands crossing the Fermi
energy are formed of the px and pz orbitals of the edge atoms,
and interestingly, both the bands have contributions from P
atoms at both edges. Therefore the metallic nature is due to
the one-dimensional (1D) chain of P atoms at the two edges.

The half-filled bands due to the 1D chain of edge atoms
present an unstable situation. It is well known that such 1D
metallic systems undergo structural distortion through dimer-
ization of successive atom pairs. The consequent doubling
of the unit cell halves the BZ, leading to the opening of
a small gap at the new zone boundary. This phenomenon,
proposed by Peierls [49], is known as Peierls transition.
To find out if the edges of zPNRs indeed undergo such a
Peierls transition, we performed calculations with a supercell
consisting of two primitive unit cells along the length of the
zPNR. After relaxation, two successive atoms along the edges
were indeed found to dimerize. In particular, the distance
between successive atoms in the periodic direction along the
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FIG. 4. Band structure plots of an 8 unit cell wide zPNR for (a)
layer-terminated structure and (c) structure after edge reconstruction.
(b) and (d) depict the corresponding DOS.
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TABLE II. Energy gain (meV/edge dimer) and gap value (eV) for
edge reconstructed zPNRs of different widths.

Width Energy gain Gap

4 9.8 0.11
5 8.4 0.14
6 11.0 0.12
7 13.0 0.14
8 10.0 0.11

first few rows of atoms (first, second, and third for width 8)
starting from the edges decreases marginally to 3.27 Å from
3.3 Å in the layer-terminated structure. For other atomic rows
in the interior of the PNR, the atoms have a separation of 3.3 Å,
as in a monolayer. Structure of such an edge reconstructed
zPNR is shown in Fig. 1(b). This small distortion decreases
the total energy of a zPNR, and also opens a gap. The exact
value of energy gain and gap depends on the width for the PNR.
These values for zPNRs of width from 4 up to 8 unit cells are
given in Table II. The energy gain and gap values are nearly the
same for all widths in this range. Band structure and DOS of a
zPNR of width 8 after gap opening is shown in Figs. 4(c) and
4(d). If this phenomenon of gap opening is indeed a Peierls
transition, one expects the atomic character of the VBM and the
CBM after gap opening to be the same as the character of the
edge bands crossing the Fermi energy in the layer-terminated
metallic nanoribbons. Indeed, the VBM at the zone boundary
is formed of the px and pz orbitals of the edge atoms in the edge
reconstructed PNR. The CBM has contributions from some of
the interior atoms in addition to dominant contribution from the
edge atoms. The charge density originating from the half-filled
bands before reconstruction, and the VBM and CBM after
reconstruction are shown in Fig. 5. It is obvious that these
bands are localized along the two edges.

Also important are the mechanical properties of PNRs vis-
a-vis the monolayer, and the effect of edge reconstruction on

FIG. 5. Isosurfaces of charge density from (a) the half-filled bands
in the layer-terminated and (b) VBM and CBM of edge reconstructed
zPNR. These figures show that the charge density is localized at the
edges.

properties of zPNRs. Monolayer and few-layer phosphorene
have superior mechanical properties compared to such hard
material as cast iron whose Young’s modulus is 110 GPa.
Wei et al. [17] found a monolayer phosphorene to have a
Young’s modulus of 166 GPa along the zigzag direction.
Young’s modulus decreases with the number of layers, but is
still quite large (159 GPa) for four-layer black phosphorus. It is
more natural to express the Young’s modulus of a 2D sheet in
units of J/m2. We found the Young’s modulus for a monolayer
phosphorene along the zigzag and armchair directions to be
91.8 and 29.5 J/m2, respectively. These are in good agreement
with what Qiao et al. [40] reported, 101.6 and 28.9 J/m2,
respectively. Thus the structure of a phosphorene layer is
much softer along the armchair direction. Creating a PNR
along the armchair direction makes the structure even softer.
The Young’s modulus of an aPNR of width 8 is found to be
18.5 J/m2. In contrast to this, PNR in the zigzag direction
is a little harder than the monolayer. An edge-terminated
zPNR of width 8 has a Young’s modulus of 97.9 J/m2.
Edge reconstruction increases its hardness slightly due to the
formation of new bonds at the edges. The Young’s modulus
of the edge reconstructed zPNR turns out to be 98.1 J/m2.
Thus applications that rely on superior mechanical properties
of phosphorene layers can take further advantage by using
zPNRs rather than monolayers.

B. Transport properties of PNRs

Now we present results of our transport calculations of
aPNRs and zPNRs using the NEGF formalism as described
earlier. Further details on the method can be found in
Refs. [44,45]. The device geometry for zPNR is described
earlier. A similar geometry is used for a two-terminal aPNR
device. In our zPNR device, the length of the scattering region
A is 33 Å, while that of each of the B and C regions is 5.75 Å.
Similarly for the aPNR device the length of the scattering
region A is 36.96 Å, while that of each of the B and C regions
is 9.24 Å.

aPNR device: The I-V characteristics of an aPNR device
is shown in Fig. 6(a). The current is negligible till a bias
voltage of 0.75 eV. After this it increases rapidly. This is what
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FIG. 6. I -V characteristics of (a) an aPNR device and (b) a zPNR
device.
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FIG. 7. Isosurface plots for transmission eigenstates for (a) aPNR
device at the Fermi energy at a bias voltage of 1.25 V and (b) zPNR
device at the Fermi energy at a bias voltage of 0.45 V.

one would expect in a semiconductor with sizable band gap.
However, the total current is only of the order of a few hundred
nano-Amperes (nA), about two orders of magnitude smaller
than the current through a zPNR device at the same bias voltage
(discussed below). An important question is the path through
which the current flows in the channel material. We have traced
the pathway for the current by studying the eigenvectors of the
transmission matrix. Figure 7(a) shows an isosurface plot of
such an eigenvector at the Fermi energy of the device for a
bias voltage of 1.25 V. The transmission eigenstate has large
amplitude near the left electrode. The amplitude decreases
as we move from the left electrode to the right. Near the right
electrode the amplitude nearly vanishes giving a small current.

zPNR device: Next we studied I -V characteristics of a
zPNR device, and this turns out to be more interesting. The
calculated I -V curve for this device in absence of a gate
voltage is shown in Fig. 6(b). Clearly it shows a NDR behavior.
Initially, the current increases almost linearly with the applied
bias voltage, and shows saturation at ∼0.35 V. Thereafter the
current remains nearly constant till ∼0.5 V forming a small

plateau. With further increase in bias voltage, the current starts
decreasing and reaches a minimum at ∼0.85 V. Beyond this,
increase in bias increases the current again. This trend is
maintained till ∼1.25 V. A comparison with the results of
Zhang et al. [31] is in order here. As already pointed out, they
studied zPNR devices of different lengths and widths. The D54

system (width of 5, and length of 4 units cells in respective
directions) studied in their work is the closest to our system
in terms of size. This system also showed a peak in current
at a bias voltage of ∼0.3 V, beyond which the current started
decreasing. A minimum in current was obtained at ∼0.8 V.
For further increase in voltage, the current showed a second,
smaller peak at ∼1.0 V decreasing again beyond this. A few
important points are to be noted here. First, the plateau in
I -V we obtained between 0.35–0.5 V is not seen in Ref. [31].
Second, we have not seen a second peak in current followed
by another NDR behavior. Thus interestingly and crucially, the
NDR behavior survives edge reconstruction in the zPNR de-
vice, but the details of I -V characteristics are slightly different
between the unreconstructed and reconstructed systems.

We now try to understand the NDR of the zPNR device
in terms of the electronic structure of the device. One of the
ways NDR has been explained in such devices is the match
and mismatch of the DOS of the two leads and the positions
of the HOMO and LUMO of the finite scattering region, as
the bias voltage is changed [31,50,51]. The same mechanism
can well explain the calculated I -V characteristics of our
two-terminal zPNR device, albeit with a slight difference.
The finite scattering regions of the devices in the three works
just cited had finite HOMO-LUMO gaps. Though the gap in
the finite sized zPNR scattering region is finite, it is small
(∼0.01 eV). The DOS of the scattering region is effectively
finite at the “Fermi energy,” and the metallic behavior of the
unreconstructed zPNR is recovered. This leads to a similarity
in behavior of the devices studied in Ref. [31] and this work.

At zero bias voltage, of course, both the electrodes have
exactly the same DOS, and hence the transmission function is
large wherever the electrodes have electronic states. However,
since the bias window is zero, there is no current. With
applied bias voltage the chemical potentials in the two
electrodes change. Because the device and the electrodes are
symmetric, bias in the two opposite directions are equivalent.
We arbitrarily define a voltage applied from left to right
as positive. Under a positive bias voltage V , the chemical
potential of the left (right) electrode shifts by eV/2 (−eV/2).
Therefore, the DOS of the left (right) electrode shifts towards
higher (lower) energies by eV/2. Consequently, resonance
states appear and disappear within the bias window leading to
nonmonotonic variation of current with bias voltage. Details of
the shift in the DOS of the leads, and the consequent changes
of the transmission function, are shown at a few representative
bias voltages in Fig. 8. We point out the major observations in
the following paragraph.

As the voltage is increased from zero up to 0.2 V, the
behavior of T (E,V ) is as follows. The DOS of the electrodes
is rather flat in the bias range as seen in Fig. 8(a). This
results in a constant T (E,V ). Since the energy window of
transmission increases linearly with increasing bias voltage,
the current increases linearly. This trend continues till 0.3 V.
As the voltage is increased further, the energy window for
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FIG. 8. Densities of states in the two electrodes, and the transmission function T (E,V ) at a few representative bias voltages for the
two-terminal zPNR device.

transmission increases, the peak value of T (E,V ) remains
unchanged, but its value becomes small over some parts of the
energy window [Fig. 8(b)]. A balance between increasing bias
window and decreasing value of T (E,V ) keeps the current
constant over the bias range 0.35–0.5 V giving the plateau.
For increase of bias beyond 0.5 V, the peak value of T (E,V )
and also the energy range over which nonzero T (E,V ) occurs
decrease. This leads to a decrease in current. This is evident in

Fig. 8(c). By the time the voltage increases to 0.85 V, there is
only a small peak in T (E,V ) at ∼0.2 V while it is very small
at all other energies within the bias window. This leads to a
minimum of the current at this voltage [Fig. 8(d)]. The ratio
of the peak and valley currents (PVR) is found to be ∼7.4.
While this is small compared to PVR values of 50–200 in
undefected armchair graphene nanoribbon based devices [50],
or ∼4000 in defected graphene nanoribbon based devices [51],
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FIG. 9. I -V characteristics of zPNR device at finite gate voltages
of +15 and −15 V.

still the existence of an NDR behavior in the new material is of
interest. Moreover, it is possible that with different electrodes,
and particularly two dissimilar electrodes as in Ref. [51], one
may get larger values of PVR. When the bias voltage increases
further, T (E,V ) becomes larger over a greater energy range.
This can be seen in Figs. 8(e) and 8(f). This leads to an increase
in current with voltage.

We have traced the pathway for current in the zPNR device
also. The transmission eigenstate at a bias voltage 0.45 V at
the Fermi energy is shown in Fig. 7(b). The amplitude is large
only at the two edges. Thus it is clear that the current is carried
by the edge states, and there is virtually no current in the
central region. This is in striking contrast to the hydrogenated
PNRs studied by Wu et al. [32] in which current is carried by
the interior of the PNR. As the H-P bonds are much stronger
than P-P bonds, the edge states in the hydrogenated PNRs are
shifted to energies deep within the bulk bands, and the current
is carried by states originating in the interior. In the edge
reconstructed zPNR, the VBM and CBM still arise from the
edge atoms, as we have already shown, and hence the current
flows primarily through the edges.

Now we study effects of gate voltage on the conduction
properties of our two-terminal device. Gate voltage is the
standard way of regulating the carrier density and drain current
in FETs. Experiments have found that phosphorene FETs show
n-type, p-type, or ambipolar behavior for different thicknesses
and different metal electrodes [52,53]. We do not have metal
electrodes in this study, ruling out possibilities of barriers at
the interface. So our aim is to explore and understand how and
whether at all drain current may be controlled by applying gate
voltages in our model device. The gate voltage was simulated
in our calculations by placing the zPNR device on a dielectric
material which itself rested on a gate electrode. A desired

voltage can be applied to the gate electrode. We used two
values, ±15 V, in our calculations. For simplicity we took the
dielectric constant of the material separating the zPNR and
the gate electrode as 1. Figure 9 shows the I -V characteristics
of the device with gate voltages. Note that we have been able
to go only up to a bias voltage of 0.1 V, which is within the
linear regime of the I -V characteristics. We could not go to
higher voltages as voltages beyond 0.1 V caused convergence
problems in our calculations. Even within this limited range
of bias voltages, the difference between positive and negative
gate voltages is obvious. The current at gate voltage of −15 V
is much larger than the current at 15 V. In fact, at the bias
voltage of 0.1 V, the current is an order of magnitude larger for
negative gate voltage. This clearly shows the p-type behavior
of the PNR in our two-terminal device.

IV. CONCLUSIONS

We have studied structural, mechanical, and electronic
properties of aPNR and the zPNR. In addition, we have studied
transport properties of two terminal devices formed by these
two types of PNRs. aPNRs are found to be semiconducting
at all widths. zPNRs are metallic in their layer-terminated
structures, but undergo Peierls transition at the edges
which opens a small gap in the spectrum. Because aPNRs are
semiconducting, they carry almost no current for small applied
voltages. Beyond a bias voltage of ∼0.75 V, a breakdown oc-
curs and the current increases sharply. However, it is still much
smaller than that through a zPNR device. zPNR devices show
NDR behavior. It is crucial to point out that NDR in zPNRs
is robust enough to survive edge reconstruction. Although the
PVR values in this device is smaller compared to some other
devices reported in the literature, nevertheless, existence of
this phenomenon in the new material is exciting. We also found
that zPNR acts as a p-type material. Young’s modulus of zPNR
is larger than that of a monolayer phosphorene in the same
direction, while that of an aPNR is much smaller. Young’s
modulus of a zPNR further increases marginally after edge
reconstruction. We hope these fundamental understandings
of various aspects of the new material will be useful in its
application.
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