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ng performance of in-plane
metal–semiconductor junctions based on
passivated zigzag phosphorene nanoribbons

ShaoLong Su,a Jian Gong*a and Zhi-Qiang Fan *b

Using first principles density functional theory, we perform a systematic study of the band structures of

passivated zigzag phosphorene nanoribbons (ZPNRs) and the transport properties of in-plane metal–

semiconductor junctions. It is found that the ZPNR passivated by H, Cl or F atoms is a semiconductor,

and the ZPNR passivated by C, O or S atoms is a metal. Therefore, ZPNRs with different passivated

atoms can be fabricated into an in-plane metal–semiconductor junction. The calculated current–voltage

characteristics indicate that these in-plane metal–semiconductor junctions can exhibit excellent

rectification behavior. More importantly, we find that the type of passivated atom plays a very important

role in the rectification ratio of this in-plane metal–semiconductor junction. The findings are very useful

for the further design of functional nanodevices based on ZPNRs.
1. Introduction

Two-dimensional and monolayered materials have attracted
increasing attention day by day and are considered as an alterna-
tive to traditional bulk semiconductors for future generation
nanodevices due to their intriguing physical properties. Graphene,
as a monolayer of hexagonally arranged carbon atoms, is generally
believed to be the rst two-dimensional material and was depos-
ited bymechanically exfoliating thin sheets from graphite in 2004.1

So far, experimental and theoretical research results show that
graphene has extremely high mobility, high thermal conductivity,
great electromechanical modulation, and excellent stiffness.2–5

However, the absence of an intrinsic band gap imposes severe
challenges on its implementation in logic and memory devices.6

Fortunately, one-dimensional graphene nanoribbons (GNRs) have
tunable band gaps depending on different widths, different edge
geometrical shapes, and different edge passivated atoms. Conse-
quently, a variety of novel nonlinear electronic transport proper-
ties, such as rectication,7–10 negative differential resistance
(NDR),11–14 switching,15–18 and spintronic functions have been
found in nanodevices based on graphene nanoribbons.19–22

Recently, several new two-dimensional materials with puckered
honeycomb structures have been found in experiment.23–26 The
most prominent among them is phosphorene due to its excellent
optical and electronic properties.27–30 Phosphorene has a direct
band gap ranging from about 0.3 eV (multilayer phosphorus) to
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1.5 eV (mono-layer phosphorene) which makes it have huge
potential in applications of transistors.31,32 Like GNRs, one-
dimensional phosphorene nanoribbons (PNRs) also have tunable
band gaps depending on different widths, different edge geomet-
rical shapes, and different edge passivated atoms. The bare
armchair phosphorene nanoribbon (APNR) is a semiconductor
with an indirect band gap, and the bare zigzag phosphorene
nanoribbon (ZPNR) is a metal.33–35 Through edge hydrogenation,
both APNRs and ZPNRs have become semiconductors with a direct
band gap.36,37Besides hydrogen atoms, other passivated atoms also
have been proved to play an important role in tuning the band gap
of PNRs.38,39However, the investigations of electronic structure and
transport about nanodevices based on PNRs with different
passivated atoms are not studied completely yet. In this paper, we
perform a detailed analysis of a monolayer contact structure based
on zigzag phosphorene nanoribbon with different passivated
atoms. We nd that a ZPNR passivated by H, Cl or F atoms is
semiconductor, and a ZPNR passivated by C, O or S atoms ismetal.
Therefore, one can use ZPNR with different passivated atoms to
fabricate an in-plane metal–semiconductor junction and to ach-
ieve the rectify behavior. The calculated results show that the type
of passivated atom plays a very important role in the rectication
ratio (RR) of this ZPNR in-plane metal–semiconductor junction.
Our ndings are very useful for the further design of functional
nanodevices based on ZPNR.
2. Methods

Band structures of passivated ZPNRs and transport properties
of in-plane metal–semiconductor junctions in this work are
carried out by using Atomistix ToolKit (ATK) soware package,
which is based on density-functional theory in combination
RSC Adv., 2018, 8, 31255–31260 | 31255
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with the non-equilibrium Green's function.40 The Perdew–
Burke–Ernzerhof (PBE) exchange correlation functional and the
generalized gradient approximation (GGA) were employed in
the rst-principle calculation. The real space grid techniques
are used with the energy cutoff of 200 Ry in numerical inte-
gration. The k-point samplings for calculations of bulk's elec-
tronic structures and electronic transport properties of ZPNR in-
plane metal–semiconductor junction are 1 � 1 � 21 and 1 � 1
� 100 in the X, Y, and Z directions, respectively. A vacuum buffer
space of at least 12 Å is set to avoid spurious interactions. The
geometries are optimized until all residual force on each atom is
less than 0.01 eV Å�1. When a bias voltage is applied, the
current can be calculated by the Landauer formula:

IðVbÞ ¼ 2e
h

ð
TðE;VbÞ½ fLðE;VbÞ � fRðE;VbÞ�dE.41,42 Here, Vb is the

bias voltage, T(E,Vb) is the transmission coefficient, fL(E,Vb) and
fR(E,Vb) are the Fermi–Dirac distribution functions of the le
and right electrodes.
3. Results and discussions

Geometrical structures and electronic band structures of ZPNRs
with different passivated atoms are shown in Fig. 1. The width
of ZPNR is 16 in all six unit cells. Previous studies indicated the
bare ZPNR is a metal. However, the calculated band structures
in Fig. 1(a)–(c) show the bare ZPNRs turns to a semiconductor,
when its two edges are passivated by H, F or Cl atoms separately.
The conduction band minimum (CBM) and the valence band
maximum (VBM) in Fig. 1(a)–(c) all locate at the G point, which
Fig. 1 Geometrical structures and electronic band structures of ZPNRs w
to zero.

31256 | RSC Adv., 2018, 8, 31255–31260
gives the direct band gap. The direct band gap of H-passivated
ZPNR is 1.62 eV which is largest in three models. The direct
band gap of Cl-passivated and F-passivated ZPNRs is 1.37 eV
and 1.26 eV, respectively. When two edges of the bare ZPNRs are
passivated by O, S or C atoms separately, the calculated band
structures in Fig. 1(d)–(f) show metallic behavior. For O-
passivated ZPNR, there are two bands being past the Fermi
level. For S-passivated ZPNR, there are four bands crossing the
Fermi level. For C-passivated ZPNR, there are two bands being
past the Fermi level directly and another two bands around the
Fermi level.

Besides band structures, the spatial distribution of Bloch
states on near-band-edge states also plays an important role in
the electronic transport properties of materials. So, the near-
band-edge states 1–16 of six passivated ZPNRs (labeled in
Fig. 1) were explored and their spatial distributions of Bloch
states are shown in Fig. 2. For H-passivated ZPNR, the contours
of Bloch state indicate that both CBM (state 1) and VBM (state 2)
are contributed by P atoms in the central nanoribbon.37,43 The H
atom and its connected P atom are nearly bare in these two
states. For F-passivated and Cl-passivated ZPNRs, the contours
of Bloch state indicate that both CBM (state 3 or 5) and VBM
(state 4 or 6) are contributed by non-edge P atoms and passiv-
ated atoms jointly. For O-passivated ZPNR, the contours of
Bloch states 7 and 8 are contributed by O atoms and edge P
atoms. P atoms in the central nanoribbon have less contribu-
tion on the Bloch states. For S-passivated ZPNR, the contours of
Bloch states 9 and 10 mainly delocalized on top or down edge S
atom, respectively. That means these two bands are mainly
ith passivated H, F, Cl, O, S and C atoms, respectively. Fermi level is set

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Spatial distributions of Bloch states corresponding to near-band-edge states 1–16. The isovalues are fixed 0.2 for all Bloch states.
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induced by S atom. One can see that Bloch states 11 and 12 are
contributed by P atoms and S atoms jointly. The spatial distri-
butions of Bloch states in the C-passivated ZPNR are similar to
those of S-passivated ZPNR. The Bloch states 13 and 14 mainly
delocalized on top or down edge C atom, and the Bloch states 15
and 16 are contributed by edge P atoms and C atoms jointly.

The proposed in-planemetal–semiconductor junction based on
different passivated ZPNRs are shown in Fig. 3. We divide the
device into three regions: le electrode, right electrode, and central
scattering region. The le electrode contains two units of O-
passivated or C-passivated ZPNRs, and the right electrode
contains two units of H-passivated, F-passivated or Cl-passivated
ZPNRs. The central scattering region contains eight units of O-
passivated or C-passivated ZPNRs, and eight units of H-
passivated, F-passivated or Cl-passivated ZPNRs. For simplicity,
the in-plane metal–semiconductor junction based on O-passivated
and Cl-passivated ZPNRs is named O–Cl, and other ve junctions
are named O–H, O–F, C–Cl, C–H and C–F, respectively.

The transmission spectra of these six in-plane metal–semi-
conductor junctions are shown in Fig. 4. In Fig. 4(a), there are
large transmission forbidden regions because of the large band
gaps of Cl-passivated, H-passivated and F-passivated ZPNRs.
The ranges of transmission forbidden regions of O–Cl and O–H
junctions are similar to each other. However, the transmission
coefficients of the O–H junction around �0.75 eV are smaller
than that of the O–Cl junction. It can be explained by the
different spatial distributions of Bloch states on the VBM of H-
Fig. 3 Geometry schematic illustration of the proposed metal–semicon
right (R) electrodes are indicated by rectangular frames.

This journal is © The Royal Society of Chemistry 2018
passivated and Cl-passivated ZPNRs. The range of transmission
forbidden region of the O–F junction is shorter than other two
junctions due to the smaller band gap of F-passivated ZPNR.
Although the band gaps of Cl-passivated, H-passivated and F-
passivated ZPNRs are different, the right edges of trans-
mission forbidden regions all locate at 1.23 eV for three junc-
tions. In addition, one can nd that the ranges of transmission
forbidden regions are actually larger than the corresponding
band gaps of Cl-passivated, H-passivated and F-passivated
ZPNRs. In Fig. 4(b), the transmission spectra are similar to
that of Fig. 4(a). The range of the transmission forbidden region
in the C–F junction is shorter than other two junctions.
However, the right edge of transmission forbidden regions all
locate at 0.97 eV for C–Cl, C–H and C–F junctions. Therefore,
the ranges of the transmission forbidden regions in Fig. 4(b) are
shorter than that of Fig. 4(a).

To explain the right edges of transmission forbidden regions
all locating at the same energy in Fig. 4(a), we plot the projected
density of states of the le electrode and the right electrode for
O–Cl, O–H and O–F junctions in Fig. 5. Here, L–O indicates
projected density of states of the le O-passivated ZPNR and R–
Cl, R–H and R–F indicate projected density of states of the right
Cl-passivated, H-passivated and F-passivated ZPNRs, respec-
tively. In Fig. 5(a), one can nd that a forbidden region exists in
the projected density of states of the right Cl-passivated ZPNR.
The range of this forbidden region is equal to the band gap of
the Cl-passivated ZPNR. For the le O-passivated ZPNR, a series
ductor junction based on different passivated ZPNRs. The left (L) and

RSC Adv., 2018, 8, 31255–31260 | 31257
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Fig. 5 Projected density of states of left electrode and right electrode
for O–Cl, O–H and O–F junctions, respectively. Fermi energy is set to
zero in the energy scale.

Fig. 4 (a) Transmission spectra of O–Cl, O–H and O–F junctions. (b)
Transmission spectra of C–Cl, C–H and C–F junctions. Fermi energy is
set to zero in the energy scale.

Fig. 6 (a) Current–voltage characteristics of O–Cl, O–H and O–F ju
junctions. The each inset figure is corresponding rectification ratio RR o

31258 | RSC Adv., 2018, 8, 31255–31260
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of peaks spread around Fermi energy. But, there still exists
a forbidden region from 0.56 eV to 1.23 eV, which is in agree-
ment with band structure of the O-passivated ZPNR in Fig. 1(d).
As a result, the right edge of transmission forbidden region of
the O–Cl junction locates at 1.23 eV and the range of trans-
mission forbidden region is actually larger than the corre-
sponding band gap of the Cl-passivated ZPNR. When the
passivated atoms of right ZPNR change from Cl atom to H or F
atoms, the projected density of state of the le O-passivated
ZPNR in Fig. 5(b) or (c) is nearly same to that in Fig. 5(a).
Consequently, the right edge of transmission forbidden region
of the O–H junction or the O–F junction also locate at 1.23 eV.

The current–voltage characteristics of six in-plane metal–
semiconductor junctions are illustrated in Fig. 6. In Fig. 6(a),
one can nd the currents of O–H and O–F junctions are always
small in the negative bias region. However, the currents of these
two junctions will increase rapidly aer 0.25 V. So, the current–
voltage curves in the whole bias region are asymmetrical and
show the rectication performances. For the O–Cl junction, the
current–voltage curve is also asymmetrical. But, the rectication
performance is not intensive because its currents are also big
aer �0.3 V. In general, the rectication performance can be
evaluated by the rectication ratio which is the ratio of the
positive bias current to the negative bias one, RR (V) ¼ I (+V)/
I(�V). For the O–F junction, RR will increase gradually with the
bias, and the maximal RR nearly approximates 104 at 0.35 V.
The average RR of the O–H junction is smaller than that of the
O–F junction. The maximal RR can approximate 103 at 0.4 V.
The average RR of the O–Cl junction is very small because of its
large current at negative bias region. In Fig. 6(b), one can nd
that currents of C–Cl, C–H and C–F junctions are always very
small in the negative bias region. However, currents of the C–F
junction will increase rapidly aer 0.25 V and the currents of C–
Cl and C–H junctions will increase rapidly aer 0.3 V. Conse-
quently, current–voltage characteristics of these three junctions
also show the rectication performances. The average RR of C–F
junction is also largest in three junctions. In addition, the RRs
of C–Cl, C–H and C–F junctions are all larger than those of O–Cl,
nctions. (b) Current–voltage characteristics of C–Cl, C–H and C–F
f in-plane metal–semiconductor junction.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Transmission spectra of C–Cl and C–F junctions at several representative bias voltages. Fermi energy is set to zero in the energy scale.
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O–H and O–F junctions, respectively. Therefore, one can
conclude that the types of the passivated atoms play an
important role on the rectication performances of these in-
plane metal–semiconductor junctions.

To reveal the origins of the different rectication
performances in Fig. 6, we plot the transmission spectra of C–Cl
and C–F junctions at several representative bias voltages in
Fig. 7. As we describing in the method, the current of the
junctions is calculated by the Landauer formula:

IðVbÞ ¼ 2e
h

ð
TðE;VbÞ½fLðE; VbÞ � fRðE;VbÞ�dE. Here, Vb is the

bias voltage, T(E,Vb) is the transmission coefficient. When two
junctions are applied on the positive bias, the potential of le
electrode is raised and the potential of right electrode is
reduced. So, the band gap of right Cl-passivated or F-passivated
ZPNR shis to right relative to Fermi energy (le C-passivated
ZPNR). As a result, the transmission spectra would shi to
right gradually and the le edges of the transmission forbidden
regions get close to Fermi energy. So, the total transmission
coefficients in the bias window increase gradually leading to the
increasing of the current. However, in negative bias region, the
potential of le electrode is reduced and the potential of right
electrode is raised. So, the transmission spectra would shi to
le with increasing of negative bias. The le edges of the
transmission forbidden regions get far away from Fermi energy.
Changes of total transmission coefficients in the bias window
are quite inconspicuous resulting in the small current. As
a result, current–voltage characteristics of two junctions show
the rectication performances. Because the F-passivated ZPNR
has a smaller band gap than the Cl-passivated ZPNR, the le
edge of the transmission forbidden region of the C–F junction is
closer to Fermi energy than that of the C–Cl junction. At the
same positive bias, the current of the C–F junction is larger than
that of C–Cl junction. That's why we can nd that the
This journal is © The Royal Society of Chemistry 2018
rectication performance of the C–F junction is more intensive
than that of the C–Cl junction.
4. Conclusion

In summary, we have investigated the band structures of
passivated ZPNRs and transport properties of in-plane metal–
semiconductor junctions by using density-functional theory in
combination with the non-equilibrium Green's function. Our
study shows that the ZPNR passivated by H, Cl or F atoms is
a semiconductor, and the ZPNR passivated by C, O or S atoms is
a metal. Then, we use ZPNRs with different passivated atoms to
fabricate an in-plane metal–semiconductor junction. The
calculated current–voltage characteristics indicate that these in-
plane metal–semiconductor junctions can exhibit excellent
rectication behavior. More importantly, we nd that the type
of passivated atom plays a very important role in the rectica-
tion ratio (RR) of this in-plane metal–semiconductor junction.
The maximal RR of O–F and C–F junctions nearly approximates
104. The ndings are very useful for the further design of
functional nanodevices based on ZPNR.
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