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Electronic and transport properties of zigzag
phosphorene nanoribbons with nonmetallic atom
terminations

L. Sun,®*° Z. H. Zhang, ©® H. Wang {*< and M. Li{® *

Using the first-principles method based on density-functional theory and nonequilibrium Green's function,
electronic properties of zigzag phosphorene nanoribbons (ZPNRs) terminated with nonmetallic (NM) atoms
suchasH, C, F, N, O, Sand Si, as well as a pristine case, are studied systematically. Three possible cases are
considered, namely, ZPNRs with symmetrical edge terminations, asymmetrical edge terminations, and the
half-bare edge case. It is shown that the pristine ZPNRs show metallic behavior. For ZPNRs terminated with
C, O, S and Si atoms, they are always metals regardless of the termination cases. For ZPNR terminated with
H, F, and N, the electronic structure is either a metal or a semiconductor, which depends on the termination
cases. The results from the calculated edge formation energy show that the ribbons with C, F, N, O, S and Si
atom edge modifications are more stable than the H-terminated ZPNR. Moreover, an applied external
transverse electric field can effectively modulate the bandgaps of ZPNRs terminated with H, F and N,
especially reducing the gap with the increase of the applied external transverse electric field strength.
The ZPNRs terminated with N undergo a semiconductor-to-metal transition. We also investigate the
electronic transport properties in nano devices consisting of the ZPNRs terminated respectively by O and
S at both edges and with the fully bare edge. It is found that O and S terminated ZPNR devices have
a good linear response on bias, and the current is bigger than the pristine case. The results indicate that
the introduction of NM atoms at the edge(s) can effectively modulate the electronic and transport
properties of ZPNRs. These novel electronic properties suggest that PNRs are a promising candidate for
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1. Introduction

Phosphorene or monolayer black phosphorus has been fabri-
cated recently by using the same mechanical exfoliation
methods as for graphene. The new two dimensional material
has not only attracted a great deal of interests from the fields of
electronic engineering and materials science, it has also drawn
significant attentions for device applications such as solar cells,
batteries, supercapacitors and many others.”™ In bulk form,
black phosphorus consists of puckered honeycomb layers of
phosphorus atoms which are held together via van der Waals
interactions. Phosphorene has many superior properties such
as a carrier mobility up to 1000 cm? V™' s~ ' and an on/off ratio
up to 10° achieved in the phosphorene transistors at room
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future nanoelectronic and optoelectronic applications.

temperature." In addition, this material has a finite direct
bandgap ranging from about 1.5 eV for a monolayer'>** to 0.3 eV
for multilayers,"*® which is striking in contrast to zero-gap
graphene. This basic and important property is fundamental
to building switchs in transistor devices.

To explore potential applications of phosphorene in micro-
and nano-electronics, the electronic properties have been tuned
by several methods. Hashmi et al.'” demonstrate that the spin
polarized semiconducting state can be realized in phosphorene
by substitutional doping of Ti, Cr, and Mn, while a half-metallic
state is obtained by V and Fe doping. Hu et al.'® obtained the
spin polarized band structures in Fe, Co and Au doped phos-
phorene with a band gap, and a Cr doped phosphorene displays
a magnetic state.

As for phosphorene nanoribbons (PNRs), their electronic
properties are dependent on the crystal orientation of the
ribbons. Tailoring the phosphorene along with different direc-
tions, two typical families of PNRs can be obtained, the
armchair-edge (APNRs) and zigzag-edge PNRs (ZPNRs). Wu
et al.* found that the band gaps of both APNRs and ZPNRs
decrease monotonously with increasing ribbon width and
eventually converge to the band gap of 2D phosphorene. Guo
et al.” found that the pristine ZPNRs are metals regardless of
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the ribbon width, while the pristine APNRs are semiconductors.
Tran & Yang®® reported that the PNRs with the edge P atoms
passivated by H atoms are direct-gap semiconductors and their
band gaps are a strong function of the ribbon width due to
quantum confinement effect when the band width is between 5
to 12. Peng et al.** studied the edge effects on the electronic
properties of the PNRs with the edge functionalized with
different chemical groups. They reported that the APNRs are
semiconductors for all edge groups, and the ZPNRs demon-
strate either semiconducting or metallic behaviors depending
on different edge passivation. Li et al.>* reported that through
edge hydrogenation, both the armchair and zigzag PNRs
become semiconductors with a direct band gap, and the
structure becomes more stable.

These results imply that it is of importance to systematically
study the edge effects on the PNRs. This paper selects the ZPNRs
with the edge effect as the research topic. The ZPNRs are
terminated with nonmetallic (NM) atoms in multiple termina-
tions. Our results suggest that the ribbons with C, F, N, O, S and
Si atom edge modifications are more stable than the H-
terminated ones. In addition, we found that the introduction
of the nonmetallic elements and the applied external transverse
electric field can effectively modulate the electronic properties
of ZPNRs, making them going through a semiconductor-to-
metal transition. Furthermore, O and S modified ZPNRs
device have a good linear response on bias, and the current is
bigger than the pristine case. These novel electronic properties
suggest that PNRs is a promising candidate for the future
nanoelectronic and optoelectronic applications.

2. Structure model and theoretical
methods

Fig. 1 shows a ZPNRs superlattice model which is infinite along
the ribbon direction with the edge terminations on the other
direction. Here the ribbon width (“W”) represents the number
of phosphorus atom chains along the ribbon width direction.
Here we consider the ZPNRs with width W = 6. Among the
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nonmetallic edge atoms, blue and red balls indicate X and Y
atoms, respectively, namely X, Y=H, F, C, N, O, S and Si.

Three different kinds of NM atom terminations are consid-
ered: (1) symmetrical edge terminations, that is, both edges of
ZPNRs are terminated with the same NM atoms, marked as X-
ZPNR-X or Y-ZPNR-Y, (2) asymmetrical edge terminations
where H atoms are fixed to passivate one edge and other NM
atoms terminate the other edge, which is denoted as X-ZPNR-
H(Y=H), and (3) the half-bare edge case where only one edge is
terminated with NM atoms while the other edge is bare, referred
to as X-ZPNR (without Y). The black dotted box in Fig. 1 exhibits
a minimum repeated unit (supercell) used for the calculations
of the electronic structures.

The geometry optimizations and the calculations of elec-
tronic properties are performed by first-principles method
based on the density functional theory (DFT) combined with the
non-equilibrium Green's function (NEGF) technique. All calcu-
lations are implemented in Atomistix ToolKit (ATK).>*?” The
local density approximation (GGA) is used as the exchange
correlation function in solving the Kohn-Sham equation. The
Troullier-Martins normconserving pseudopotentials is used to
represent the atom core and linear combinations of atomic
orbitals to expand the valence states of electrons. The k-point
sampling is chosen as 1 x 1 x 100 in the Brillouin zone, and
150 Ry is set as the cutoff energy for the grid integration to
mainly control the size of the real space integral network par-
titioning and the solution of the Poisson equation. Full opti-
mization of the atomic structures including the atomic
positions and lattice parameters has been carried out with
Quasi Newton method under the periodic boundary condition.
All calculations are performed after the geometry is optimized
until all residual forces on each atom are smaller than 0.02 eV
A~'. The relaxed lattice constants for monolayer phosphorene
are a = 3.262 A and b = 4.476 A. The results are in good
agreement with the experimental values®® and other theoretical
calculations.” To simulate a ribbon, a unit cell with periodic
boundary condition is used. Vacuum layers of 15 A both in
plane and out of plane of the ribbons are used to avoid the
interaction between periodic images.
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Fig.1 The geometrical structures of the nonmetallic atom terminated ZPNRs, denoted as X-ZPNR-Y (X, Y=H, F, C, N, O, S, and Si). The black
dotted rectangle exhibits a minimum repeated unit (supercell) used in this work.
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3. Results and discussions
3.1 ZPNRs with symmetrical edge terminations

Fig. 2 displays the electronic properties of X-ZPNR-X, including
the band structure (BS) (left panel), the total density of states
(DOS, marked as Total) and atom-projected density of states
(PDOS) (two right panels). The PDOS is the DOS projected on the
edge atom and termination atom X. It reflects the contribution of
featured atoms to the total DOS. For the purpose of comparison,
we first present the electronic properties for the fully bare-edge
ZPNR in Fig. 2(a). Clearly, it shows a metallic behavior. Particu-
larly, from the PDOS, we can see the contribution of edge P atoms
to the electronic structure of the bare-edge ZPNR. A large PDOS
peak related to edge P atoms occurs at the Fermi level. This
means that the metallic behavior of the bare-edge ZPNR origi-
nates from the edge states. To demonstrate intuitively the effect
of the edge states, the Bloch state is calculated, as an example,
with the k point selected at the intersection site of a certain
subband and the Fermi level marked by the red circle in Fig. 2.
We can see that the wave function, shown as the inset in the left
panel of Fig. 2(a), is localized at the edges of the ribbon and forms
the localized edge state.

The electronic properties of the X-ZPNR-X are shown in
Fig. 2(b)—(f), respectively. We can see that the introduction of the
NM atoms can effectively modulate the electronic structure of the
ribbon. The electronic structure of both H-ZPNR-H and F-ZPNR-F
exhibit semiconducting characteristics with a direct band gap
located at the T" point in the reciprocal space, as manifested in
Fig. 2(b) and (c), but the situation is more outstanding. For the H-
ZPNR-H, the bandgap is much bigger than that of the F-ZPNR-F.
The calculated PDOS shows that H atoms have little presence to
the lowest conduction band (LCB) and the highest valence band
(HVB), respectively. The Bloch states for the conduction band
minimum (CBM) and valence band maximum (VBM) present
these features more prominently. The wave function decays on
two edges in CBM and VBM states; and there is little presence of
the wave function distribution at the edge atoms and most of the
states concentrate in local area around the center inside the
ribbon. Both VBM and CBM are contributed by hybridized s—p
states of the P atoms in the central region of the nanoribbons. As
a matter of fact, the H-P bond is stronger than the P-P bond such
that the edge states of PNRs are located deep in the bands. For
the F-ZPNR-F, F atoms have a significant contribution to the CBM
and VBM. Both structures have the similar electronic property
because each F atom has seven electrons in the outer shell and
can form a stable structure just by one covalent bond with edge P
atoms, which is similar to the case of H atom, but the higher
electronegativity of F atom makes such a bond mainly ionic that
can be treated as covalent polar, which is different from the H-
termination. This difference leads to the different electronic
structures between H-ZPNR-H and F-ZPNR-F. For the N-ZPNR-N,
the ZPNRs exhibit semiconducting property with an indirect
band gap. The CBM and VBM concentrate in the local area at two
edges, and there is little presence of the wave function distribu-
tion in the local area around the center inside the ribbon.
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The above results show that the large band gap can be ex-
pected to be obtained by termination with NM atoms such as H,
F, N. This has a significance for developing PNRs-based field
effect transistors (FETs). In addition, we show that the edge
saturation by nonmetallic element H, F and N can make ZPNRs
open a big energy gap. This property allows the nanoribbon to
be developed into devices based on black phosphorus field
effect tube - the “off” state can effectively block the leakage
current.

Contrary strikingly to H-ZPNR-H, F-ZPNR-F and N-ZPNR-N,
ZPNRs terminated with C, O, S, and Si atoms exhibit metallic
behaviors. Clearly, two new subbands passing through the
Fermi level are introduced, and from the PDOS and the Bloch
states, we can identify that they originate primarily from the
termination atoms C, O, S, and Si. Namely, the edge states
created from the termination atoms are just located around the
Fermi level. This is easily understood because after forming
covalent bonds C, O, S, and Si to edge P atom, these termination
atoms still have a few unpaired electrons and the corresponding
states just reside near the Fermi level. This implies that ZPNRs
are sensitive to the edge modifications and the termination
atoms can determinate their electronic structures predomi-
nately. Furthermore, we can see that the PDOS peaks of termi-
nation atoms (C, O, S, and Si) and edge P atom line up to each
other, which indicates that a strong coupling and hybridization
occur between them. But unlike the pristine ZPNRs, as can be
seen from the PDOS and the Bloch states, C, O, S and Si atoms
have made significant contributions to the near Fermi level
state, while the atoms in the nanoribbon have no contribution
at all.

Structural stability is of great significance to experimental
synthesis and practical applications. To find the stability for X-
ZPNR-X, we calculate their edge formation energy, which is
defined as Eedge = (Eribbon—x — Eribbon — nXEX)/2L1 where Etibbon-x
is the total energy of the ZPNRs terminated with the NM atoms,
Eibbon 1S the total energy of the pristine ZPNRs, Ex is the energy
of an isolated atom X (C, F, H, N, O, S and Si), all units are in eV,
ny is the number of the X atom in a unit cell, and L is the length
of the unit cell in the horizontal direction. The unit is nm. The
results show that edge formation energies for structures H-
ZPNR-H, C-ZPNR-C, F-ZPNR-F, N-ZPNR-N, O-ZPNR-O, S-ZPNR-
S and Si-ZPNR-Si are —12.77, —15.90, —16.65, —20.27, —21.39,
—15.17 and —15.57 eV nm™ ', respectively. As we know, the
negative value for the edge formation energy means that this
structure is formed by an exothermal process, and the lower
edge formation energy suggests a more stable structure.
Therefore, we can conclude that all structures are stable. This
suggests that these ribbons might be fabricated in the experi-
ment. Particularly, we would mention that compared with H-
ZPNR-H, the stability of the ribbons terminated with other
NM atoms is enhanced.

3.2 ZPNRs with asymmetrical edge terminations

The electronic properties of the ZPNRs whose one edge is fixed
to be passivated with H atoms and another edge is terminated
with other NM atoms (C, F, N, O, S and Si) are shown in

This journal is © The Royal Society of Chemistry 2020
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Fig.2 The band structure (BS), the total density of states (DOS), atom-projected density of states (PDOS), and the Bloch state of X-ZPNR-X for (a)
the fully bare-edge ZPNR, (b) H-ZPNR-H, (c) F-ZPNR-F, (d) C-ZPNR-C, (e) N-ZPNR-N, (f) O-ZPNR-O, (g) S-ZPNR-S, and (h) Si-ZPNR-Si.

Fig. 3(a)—(f). The ZPNR structure is asymmetric in the transverse termination on both sides. The F-ZPNR-H is semiconductor
direction, represented as X-ZPNR-H. It can be seen that the with a direct band gap in which both the VBM and CBM are
termination of F and N is similar to that of symmetric located at the I point. N-ZPNR-H is a semiconductor with an
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indirect band gap. The CBM is located at the Z point and the
VBM is located at the I" point, which all come from the contri-
bution of the edge P atoms and the termination atoms.
C-ZPNR-H, O-ZPNR-H, S-ZPNR-H and Si-ZPNR-H also
demonstrate metallic behaviors. The interesting aspect here is
that the number of the subband across the Fermi level is just
reduced by half, from 2 to 1, as compared with the band
structure in the case of X-ZPNR-X (X = C, O, S, Si). Namely, in X-
ZPNR-H, the subband created from the lower-edge termination
atoms of X-ZPNR-X (X = C, O, S, Si) disappear completely, and
the upper-edge atom P and its termination atom X plays
a crucial role in the state of the neighboring region of the Fermi
level, as shown by the PDOS and the Bloch state. In addition, we
also calculate the edge formation energies for structures C-
ZPNR-H, F-ZPNR-H, N-ZPNR-H, O-ZPNR-H, S-ZPNR-H and Si-
ZPNR-H. They are —14.37, —14.72, —16.60, —17.12, —14.00,

View Article Online
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—14.18 eV nm ', respectively. Obviously, the most stable
structure is O-ZPNR-H; nevertheless, the stability of all these
structures is lower than that of ZPNRs with the symmetrical
edge terminations, as shown previously.

3.3 ZPNRs with a half-bare edge

For the half-bare edge ZPNRs, only one edge is terminated with
NM atoms while the other edge is bare, which is donated as X-
ZPNR. Their electronic properties are shown in Fig. 4. It is found
that they all have the metallic nature although their electronic
properties around the Fermi level have some differences. The
Bloch state of F-ZPNR, N-ZPNR and Si-ZPNR is mainly distrib-
uted in the bare edge, while the rest is distributed on the side of
the termination atom. From the PDOS, we can see that the NM
atoms (C, O, S and Si) contribute to the states near the Fermi
level and the related Bloch state for which the corresponding &
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Fig. 3 The band structure (BS), the total density of states (DOS) and atom-projected density of states (PDOS), and the Bloch state of X-ZPNR-H
for (a) C-ZPNR-H, (b) F-ZPNR-H, (c) N-ZPNR-H, (d) O-ZPNR-H, (e) S-ZPNR-H, and (f) Si-ZPNR-H.
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point is selected at an intersection site of a certain band. The
Fermi level reflects this aspect more clearly. This is expected as
shown from the results shown in the previous sections that the
edge states of the unsaturated atom of P and the termination
atoms (C, O, S and Si) are located at the Fermi level.

3.4 The effect of in-plane transverse electric field

For the field-effect-transistor application, a large on/off ratio is
required. This requires that the electronic structure should be
sensitive to the gate voltage or external electric field as large as
possible. To this end, we investigate the band modulation of
PNRs by an external electric field which have been confirmed
early to be an effective route to tuning electronic properties of
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nanostructures." When an in-plane transverse external electric
field is applied along the transverse direction perpendicular to
the ribbon direction, significant changes in band structures are
induced in ZPNRs. Here, we take F-ZPNR-F, H-ZPNR-H and N-
ZPNR-N as examples. As shown in Fig. 5(a), with the
increasing transverse electric field, the band gaps of the ZPNRs
decrease but with different rates. The bandgap reduction with
the increasing electric field can be understood from the Stark
effect.” For the F-ZPNR-F and H-ZPNR-H, without the trans-
verse electric field, the band gap is 1.49 eV and 1.71 eV
respectively, but reduces to 0.81 eV and 1.15 eV with 0.5 V A™*
transverse electric field. The stronger the transverse electric
field, the bigger the band gap drops. The change in the N-ZPNR-

=

Band gap(eV)
°

-0.5

Band gap(eV)

Fig.4 The band structure (BS), the total density of states (DOS) and atom-projected density of states (PDOS), and the Bloch state of X-ZPNR for
(@) C-ZPNR, (b) F-ZPNR, (c) N-ZPNR, (d) O-ZPNR, (e) S-ZPNR, and (f) Si-ZPNR.
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N ribbon is more apparent: without the transverse electric field,
the band gap is 0.66 eV but reduces to 0 eV with 0.3 V A™*
transverse electric field. The bandgap decreases monotonically
with the increasing filed strength. A semiconductor-to-metal
transition occurs when the electric field reaches 0.3 V A™%,
which is highly consistent with the previous work.

Fig. 5(b) displays the evolution of the band structure with an
electric field ranging from 0.0 to 0.5 V A~* for N-ZPNR-N. It can
be seen that with the increasing transverse electric field, the
conduction band goes down and valence band moves up grad-
ually. Compared to the band structure without electric field (0 V
A™"), the energy bands of the degenerate edge states above the
CBM and below the VBM under the electric field show a certain
degree of splitting and localization, which pushes the CBM and
VBM closer to the Fermi level, leading to the band gap nar-
rowing. These features are very desirable for nano-electronic
devices based on ZPNRs where the easy modulation of the
electronic structure by transverse electric field is a basic
requirement.

3.5 The electronic transport properties of NM-terminated
ZPNRs

Finally, we calculate the electronic transport properties of NM
terminated ZPNRs. As stated above, the fully bare-edge ZPNR
and X-ZPNR-X (X = C, O, S and Si) all show a distinct metallic
nature. Here, we select the O-ZPNR-O and S-ZPNR-S as examples
to compute their current-voltage characteristics and also
compare them with the fully bare-edge ZPNR. Fig. 6 shows the
device models constructed from X-ZPNR-X (X = O and S). The
device is divided into three regions. The left is an electrode (LE),
the right electrode (RE), and the scattering region (SR). Each
electrode is represented by a supercell consisting of three
repeated X-ZPNR-X unit cells along the transport direction and
the scattering region is represented by a supercell with nine
repeated X-ZPNR-X unit cells along the transport direction. The
fully bare-edge ZPNR device is constructed by the same method.
To obtain a stable structure, calculations are performed after
the geometry is optimized until all residual forces on each atom
are smaller than 0.01 eV A~'. The transport properties are
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(a) Computed band gaps versus the in-plane transverse electric field for the ZPNR. (b) The band structure versus the electric field for N-

calculated by using the first-principles software package Atom-
istix ToolKit (ATK), which is based on density-functional theory
(DFT) in combination with the non-equilibrium Green's func-
tion (NEGF) method. The related parameters are set to be the
same as those stated in Section 2. Once the convergence in the
self-consistency calculations is achieved, the current through
a device is computed by the Landauer-like formula,*

(V) = %JT(E, Vo)[f.(E, Vo) — fr(E, Vy)|dE, where T(E,V},) is

the bias dependent transmission coefficient, fi(E,V;,) and
fr(E, V1) the Fermi-Dirac distribution function of the left (L) and
right (R) electrode.

The self-consistently calculated current-voltage (I-V) char-
acteristics are shown in Fig. 7(a). As can be seen, they display
significantly different features to one another. We can see that
for O-ZPNR-O and S-ZPNR-S devices, the current increases with
the bias linearly, especially obvious for the S-ZPNR-S device
which demonstrate an Ohmic characteristic with their metallic
nature. But for the fully bare-edge ZPNR device, the I-V curve is
nonlinear. To identify these results, the transmission spectra
for three devices are shown in Fig. 7(b)-(d), respectively. They
are the most intuitive representations of electronic structures
and transport behaviors of a device. As can be seen, for O-ZPNR-
O and S-ZPNR-S devices, the shape of the transmission spec-
trum curve changes very little with the increasing bias, espe-
cially in the bias window. According to Landauer-like formula,
the current is the integration of the transmission spectrum in
the bias window. As a result, such an integration area increases
monotonically with the bias. This is the reason why the I-V
curves for O-ZPNR-O and S-ZPNR-S devices are linear versus
bias. While for the fully bare-edge ZPNR device, the situation is
quite different. The transmission coefficients within the bias
windows undergo a prominent decrease with the increasing
bias. This obvious bias effect might be caused by the dangling-
bond edge states of P atoms being very sensitive to the bias, as
the nanoribbon is polarized by the electric field effect. When the
expanding rate of the bias window region cannot compensates
the decreasing speed of transmission coefficients, the current
drops with the bias. In short, our calculations show that the

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 The device models of the ZPNRs with symmetrical edge terminations. The fully bare-edge ZPNRs device is constructed by the same
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(a) The -V characteristics for bare-edge ZPNR, O-ZPNR-O and S-ZPNR-S respectively. The transmission spectra of these three models

under several typical biases, (b) for the fully bare-edge ZPNR, (c) for O-ZPNR-O, and (d) for S-ZPNR-S.

introduction of NM atoms as terminations can effectively
enhance the transport properties of ZPNRs.

4. Conclusion

The electronic properties of zigzag phosphorene nanoribbons
(ZPNRs) terminated with nonmetallic (NM) atoms H, F, C, N, O,
S and Si are studied systematically using the first-principles
method based on the density-functional theory and nonequi-
librium Green's function. Several possible cases are considered,
ZPNRs with the symmetrical edge terminations of NM atoms,

This journal is © The Royal Society of Chemistry 2020

asymmetrical edge terminations of H passivating one edge and
NM atoms terminating another edge, and the half-bare edge
case where only one edge is terminated with NM atoms while
the other edge remains bare. The results show that the fully
bare-edge ZPNR is a metal; and the ZPNRs terminated with C, O,
S and Si are always a metal regardless of the termination cases
because the edge states of the termination atoms are located at
the Fermi level. For the ZPNRs terminated with F and N at both
sides or with F and N at one edge while H at the other edge, the
electronic structures are found to be semiconducting because
the edge states of the termination atoms are located at the

RSC Adv, 2020, 10, 1400-1409 | 1407
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position far from the Fermi level. In the case of the half-bare
edges, the electronic structures of the ribbons are metallic.
The ribbons with edge modification of C, F, N, O, S and Si atoms
are more stable than the H-terminated ZPNR. For the F-ZPNR-F,
H-ZPNR-H and N-ZPNR-N, with the increasing transverse elec-
tric field, the band gaps of the ZPNRs decrease but with
different rates and a semiconductor-to-metal transition occurs
for the N-ZPNR-N.

In addition, we also constructed some nanodevices consist-
ing of ZPNRs terminated respectively by O and S at both edges
and being fully bare-edge. It is found that O and S terminated
ZPNRs device have a good linear response to the bias, and the
current is significantly larger than that in the bare edge ZPNRs
device. These results indicate that the introduction of NM
atoms at edge(s) can effectively modulate the electronic and the
transport properties of ZPNRs.
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