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Defect engineering on the electronic and transport properties of
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We investigate the electronic and transport properties of one-dimensional armchair phosphorene nanoribbons (AP-
NRs) containing atomic vacancies with different distributions and concentrations using ab initio density functional calcula-
tions. It is found that the atomic vacancies are easier to form and detain at the edge region rather than a random distribution
through analyzing formation energy and diffusion barrier. The highly local defect states are generated at the vicinity of the
Fermi level, and emerge a deep-to-shallow transformation as the width increases after introducing vacancies in APNRs.
Moreover, the electrical transport of APNRs with vacancies is enhanced compared to that of the perfect counterparts. Our
results provide a theoretical guidance for the further research and applications of PNRs through defect engineering.
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1. Introduction
Black phosphorene (BP), as an emerging two-

dimensional (2D) material, can be fabricated from bulk phos-
phorus by mechanical or liquid phase stripping method ow-
ing to its weak van der Waals interlayer interaction.[1] Due
to its unique electrical properties, such as high carrier mo-
bility of 1000 cm2·V−1·s−1 and switching ratio of 104,[2,3]

BP will become a candidate for a channel semiconductor
material that overcomes the shortcomings of graphene with
zero bandgap and transition metal dichalcogenides (TMDs)
with low mobility.[4,5] Similar to the related 2D materials,
the electrical properties of BP can be modulated by means
of strain,[6] electric field,[7] doping,[8] and construction of
heterojunctions.[9,10] In particular, its strongly anisotropic fea-
tures have great potential applications in optoelectronic and
semiconductor devices.[11,12]

The electronic and transmission characteristics of BP can
be greatly influenced by the edge state when it reduces from a
2D nanosheet to a 1D nanoribbon.[13–17] Very recently, high
quantity phosphorene nanoribbons (PNRs) have been fabri-
cated by the ionic scissor method.[18] In general, PNRs can
be divided into two kinds of modes, i.e., zigzag-PNRs (ZP-
NRs) and armchair-PNRs (APNRs) in the light of edge chiral.
Physically, metallic ZPNR exhibits negative differential resis-
tance effect (NDR) because the nonlocal resonance edge states
cross the Fermi level.[19–21] However, for the case of APNR, it
remains semiconductor behavior.[22–26]

Noticeably, introducing a new state in the gap is an ef-
fective method to alter the physical and chemical properties

by means of defect engineering.[27–33] For the case of BP,
it has poor chemically stable and abundant defects.[34] Also,
BP has more intrinsic defects than graphene and silence due
to lower structure symmetry.[35,36] Thus, the introduction of
impurity levels is the main reason that the BP is the p-type
semiconductor.[37] For the ZPNR, the NDR effect will be re-
duced or even eliminated by vacancies,[38] while for the APNR
with point defects, it exhibits a lower quantum conductance
owing to Anderson localization.[39,40] However, in APNR, the
mechanism of defect formation and related evolution remains
unclear, and the understanding of transport properties is still
insufficient.

In this work, we explore the defect engineering on the
structural stability, electronic and transport properties of AP-
NRs based on the ab initio calculations. All possible vacancy
distributions and different concentrations are taken into ac-
count in our case. It is found that the vacancies can be fa-
vorable for detaining at the edges instead of unordered. When
a single vacancy is formed at the edge of APNR, the band edge
will be greatly offset, and the emerging quasiflat defect level
(DL) is pinned at the Fermi level near the valence band maxi-
mum (VBM). Importantly, the shorter the separation between
DL and VBM is, the wider the transmission platform becomes.
Our results show that the electric properties of APNRs can be
modulated by the defect concentration and nanoribbon width,
providing a theoretical guidance of structural design of AP-
NRs.
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2. Calculation methods
The computations of geometric optimization and elec-

tronic properties of PNRs are implemented in the Vienna
ab initio simulation package (VASP) code based on the
density functional theory (DFT). Exchange and correlation
potentials are described by the generalized gradient ap-
proximation (GGA) with the Perdew–Burk–Ernzerhof (PBE)
function.[37,41] Hellmann–Feynman force is requested to be
smaller than 0.05 eV/Å for each atom after full relaxation.
The plane wave cutoff energy is set at 400 eV and electronic
minimization is performed with a tolerance of 10−5 eV. A
7 × 1 × 1 Monkhorst–Pack k-points grid is adopted for the
Brillouin zone. Defect migration barrier and electrical trans-
port properties are calculated by enforced DFT combined with
the non-equilibrium Green function (NEGF) in the software
Atomistic ToolKit (ATK).[42,43] Notably, the migration barrier
is simulated by the nudged elastic band (NEB) method that
provides a way for finding the minimum energy path between
initial and final structures. The cutoff energy with 120 Ry
and 1×1× 150 k-points are employed for transport calcula-
tions. Numerical integration and Poisson equation are solved
using the fast Fourier expansion method. In the light of the
Landauer–Büttiker transport formula, the current can be ex-

pressed as[44]

I(V ) =
2e
h

∫
T (E,V ) [ f (E −µL)− f (E −µR)]dE, (1)

where E is the electron energy, V is the bias voltage, µL and
µR are the chemical potentials of left and right electrodes as
µL/R =±0.5 eV, respectively. The f (E −µL) and f (E −µR)

are the electronic Fermi distributions of left and right elec-
trodes, and T (E,V ) is the transmission spectrum function.

3. Results and discussion
3.1. The case of APNRs with simple vacancy

The configuration of an APNR is shown in Fig. 1(a). No-
tably, the nanoribbon width is marked by the atom number
along the zigzag direction. In our case, the APNR with a
width N = 10 of 15.37 Å and taking a total of 60 atoms of
5×3× 1 supercell. Making x direction with periodicity, there
is a 20 Å vacuum layer in both y and z directions to ensure non-
interaction between adjacent supercell. The lattice parameter
is a = 3.30 Å and b = 4.58 Å with the Cmca space group. In
our calculation, the bandgap (Eg) of the perfect APNR with
N = 10 is 0.53 eV, which is in agreement with the previous
results.[45]
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Fig. 1. (a) Top and side views of an APNR with single vacancies at different positions, (b) formation energy and bandgap of the defective
APNR. (c) Diffusion barrier for the migration of SV5 to SV1. (d) VBM, CBM and DL with respect to the Fermi level of the defective APNR.
The Fermi level is set to zero.

First of all, five non-equivalent single vacancies SV1–
SV5, about 1.6% defect concentration, are introduced from
the edge to the middle region. In order to estimate the favorite
vacancy location, we calculate the formation energy in terms

of the relationship

Ef = Edefect −Eperfect +∑niµi, (2)

where Edefect and Eperfect are the total energies of defect and
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perfect structures, ni is the number of i atom, µi represents
the chemical potential of the removed atom. In our case, µi is
the energy of a single phosphorus atom in monolayer BP. In
Fig. 1(b), the energies of SV1 and SV2 are negative, but the
positive energies of SV4 and SV5 near the center are 1.46 eV
and 1.42 eV, approximating to 1.62 eV of phosphorene.[35]

Accordingly, it is indicated that the vacancy defect can be
spontaneously formed in the edge region because of dangling
bond with high activity. After structural relaxation, the SV1
and SV2 reconstruct a five-membered ring at the edge, but
SV2 needs more energy to break the covalent bond. The cases
of SV4 and SV5 have similar behaviors to that of monolayer
BP.[35]

It should be noted that the vacancies are not stationary
in APNRs. Therefore, the possible diffusion should be taken
into account. We use the NEB approximation to calculate the

activation energy of phosphorus vacancy migration pathway
between SV5 and SV1. As shown in Fig. 1(c), the migra-
tion potential in the middle region is 0.3 eV, which is con-
sistent with the case in BP.[36] However, when the defect mi-
grates from edge to center, the barrier enhances a large value
(1.0 eV), which means that the vacancies are hard to move in-
ward. Therefore, the distribution of atomic vacancies is not
random but tending to along the margin.[46] Figure 1(d) shows
the energy band relative to the Fermi level with changing va-
cancy positions. Accounting for a small percentage of entire
nanoribbon, the bandgaps of all imperfect APNRs are between
0.48 eV and 0.52 eV, which are slightly smaller than that of the
perfect structure with 0.53 eV. However, the VBM and con-
duction band minimum (CBM) appear to significant shift com-
pared to that of the perfect nanoribbon. Moreover, it is clear
that the DL is generated and sensitive to the vacancy position.
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Fig. 2. (a) Partial charge densities of CBM, VBM and DL, (b) band structure, and (c) PDOS without spin-polarized, (d) band structure (spin
up/down is represented by black/red), and (e) PDOS with spin polarized, (f) spin differential charge density of SV1-APNR, respectively.
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In order to obtain the deep understanding of vacancy ef-
fect, we calculate the partial differential charge, band struc-
ture and projected density of state (PDOS) in the case of SV1
with/without spin polarization, as shown in Figs. 2(a)–2(e).
Evidently, this type of APNR has an indirect bandgap like the
perfect case, and the high symmetry points of VBM and CBM
are Γ and X in the Brillouin zone regardless of spin polariza-
tion. When a single vacancy occurs, the total electron number
is odd, resulting in the local DL passing through the Fermi
level. It is obvious that the VBM, CBM and DL are mainly
contributed by the pz orbital of phosphorus atoms in the inter-
mediate, edge and adjacent defect regions, respectively. The
overlap between charge density varies with the vacancy po-
sition, thus resulting in the band edge offset. Considering
spin polarization, the DL presents spin splitting, and the non-
magnetic APNRs obtain a variable magnetic moment between

0.65µB and 1.04µB , which is dependent on the defect location.
The spin projected state density exhibits imbalance between
spin-up and spin-down states in the pz orbital. In addition,
spin differential charge density is mainly localized around the
defect sites as predicted in Fig. 2(f).

3.2. Size-dependent electronic and transport properties of
SV1-APNRs

To investigate the electrical transport properties, we built
a two-probe device as shown in Fig. 3(a). It includes three
parts: left and right electrodes, as well as central scattering re-
gion. The scattering region contains a width of N = 10 and
a length of 18 Å for a PNR. Defects are only introduced at
the scattering region. The transmission coefficients under zero
bias are given in Fig. 3(b).
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Fig. 3. (a) The schematic illustration of a two-probe defective APNR device. (b) Transmission spectra under zero bias, (c) I–V curves of
pristine and defective APNR with SV1 to SV5. (d) Bias-dependent transmission spectrum, (e) transmission eigenstates in the scattering region
under bias of 1.4 V in perfect and SV1-APNR.
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Obviously, the perfect APNRs exhibit integer quantum
transmission characteristics that the spectra consist of a se-
ries of steps in the range of high or low energy. However,
when the vacancy defect appears and draws near the center
region, the transmission coefficient of the low energy part de-
clines and the integer quantum transmission disappears. All
transmission gaps are approximately 0.5 eV. The DL is local
so that it does not correspond to the transmission peak inside
the bandgap. This phenomenon also referred as the Ander-
son localization.[39] Moreover, the I–V curve is also an impor-
tant characteristic of the electronic device (Fig. 3(c)). Inter-
estingly, all configurations show the semiconductor behaviors.
The turn-on voltages are corresponding to the bandgap with
0.5 V. Strikingly, the current of defective APNRs enhances
from 1.2 to 1.5 times compared to that of the perfect coun-
terparts.

In order to thoroughly analyze the phenomenon of cur-

rent boost in the defective nanoribbons, we calculate bias volt-
age dependence of transmission spectrum (Fig. 3(d)). In con-
trast to perfect APNRs, we can see that SV1-APNRs possess a
transmission peak within the plateau (red areas in the right tri-
angle) in 0.14 V bias and −0.12 eV electron energy contribut-
ing by the DL. The transmission plateau extends toward the
valence band, which is consistent with the p-type conductiv-
ity of APNRs. Moreover, eigenstates at the transmission peak
are shown in Fig. 3(e). Clearly, the conduction in APNRs is
mainly from the edge propagating mode. The incoming wave
of eigenstates delocalizes at the left edge part in the perfect
APNRs, while the ballistic and diffusive transport eigenstates
covering the entire lower edge can be observed in the SV1
cases. Although the complex scattering modes occur near the
vacancy, the complete channel is still formed at the high bias
voltage. This is because the electron state in the two electrodes
can match the DL in the scattering region.
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In general, there are two ways to change the defect con-
centration in the DFT calculations: one is to expand or shrink
the supercell, and the other is to introduce multiple vacancies.
For the former, to explore the joint effect of nanoribbon size
and defects, we select the SV1-APNRs with various widths
possessing the lowest formation energy to study. Figures 4(a)–
4(c) plot the formation energy, the bandgap, the distribution
of band levels and the net magnetic moment as a function
of width. Evidently, the defect formation energy increases
as the scale decreases, indicating that the wider nanoribbon
has higher stability. Owing to the quantum confinement ef-
fect, the bandgap decreases from 0.8 eV of N = 6 to 0.4 eV of
N = 14, which exhibits an N−2 relationship.[22] Magnetic mo-
ment is slightly reduced from 0.97µB to 0.90µB . The quasiflat
DL passes through the Fermi level and the separation to the
VBM drops from 0.53 eV to 0.07 eV. Therefore, the transform
of deep-to-shallow acceptor level occurs in APNRs.

Upon the transport behavior, the APNR devices with
N = 6 to N = 10 containing SV1 defects are constructed to cal-
culate the transmission spectrum under zero bias (Fig. 5(a)).
Noticeably, the transmission gap is in line with the previous
circumstance that the narrower nanoribbon has the larger gap.
The vacancy scattering causes the integral steps smooth in the
edge conductance, but the narrower APNRs have more sensi-
tive to the edge vacancy. As shown in Fig. 5(b), the thresh-
old of turn-on voltage and the current intensity are uniformly
increased as the nanoribbon widens. Also, the APNR with
N = 10 has the largest transmission peak in the bias window
(Fig. 5(c)). In addition, the transmission peak formed by the
DL under high bias is closer to VBM that exists in the wider
APNRs. Therefore, the DL can be as an electron acceptor that

becomes a bridge for electron exchanging. Also, the transmis-
sion plateau region becomes wider when the transformation of
deep-to-shallow acceptor level occurs.

3.3. The case of APNRs with multiple vacancies

Unlike changing the supercell size to adjust defect con-
centration, we should consider the interaction between vacan-
cies in APNRs with multiple vacancies. Based on the struc-
ture of SV1-APNRs with N = 10, we construct a series of
APNRs with double vacancies about defect concentration of
3.2% at identical edge (DsV1–4) or different edges (DdV1–5)
(Fig. 6(a)). Figure 6(b) shows the related formation energies
and bandgaps. Notably, for the single edge defect ribbons,
the formation energy of DsV1-APNR (−0.25 eV) is the mini-
mum, which is smaller than that of SV1-APNR. The bandgaps
can be affected when changing the separation of vacancies in
DsV-APNRs. In this case, the DLs do not appear. The origin
is that the vacancy pair will relax and the sublattice symmetry
of DsV-APNRs will preserve (Fig. 6(c)).[39] In contrast, DdV
can be regarded as the combination of two SV1 defects. How-
ever, the bandgap increases from original 0.48 eV to 0.70 eV
and two DLs appear near the VBM. Moreover, for the cases
of three vacancies in the same (TsV1) and different edges
(TdV1), only one DL can be found in the gap. As shown in
Table 1, the independent vacancies can produce magnetism
which is proportional to the number of defects. However, if
the vacancies are close to each other, the lattice will undergo
local reconstruction, causing the reduction or even the disap-
pearance of magnetism in the multiple vacancy system. This
illustrates that the sublattice symmetry is strongly associated
with the number of defects and partial relaxation.
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Fig. 6. (a) Structure of multiple vacancies of APNR, (b) formation energy and bandgap, as well as (c) band edges and DL with respect to the
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Table 1. The magnetic moment of different defect types in APNRs.

Defects types
Magnetic

Defects type
Magnetic

moment/µB moment/µB

SV1 0.9325 DsV4 0
SV2 1.0416 DdV1 2.0815
SV3 0.6524 DdV2 2.0868
SV4 0.9825 DdV3 2.0853
SV5 0.9805 DdV4 2.0797

DsV1 0 DdV5 2.0841
DsV2 0 TsV1 0.9907
DsV3 0 TdV1 1.0447

In Fig. 7(a), the I–V characteristics of DsV1-, DdV1-,
TsV1-, and TdV1-APNR devices are calculated by NEGF. It is
clear that DdV1 has a larger effect on the conductance. Even

though DdV1-APNR has the largest transport gap, the conduc-
tance is the strongest compared with other structures owing
to more DLs in the gap. Figure 7(b) shows the transmission
spectrum as a function of voltage. Obviously, when the de-
fects distribute at different edges, the electron transmission in
the upper triangular is drastically reduced due to the disap-
pearance of edge transmission channels. However, the portion
of conduction band transmission outside the bias window has
less effect to the current. In contrast to other ribbons, DdV1-
APNR has a higher and wither transmission plateau in the bias
window.[40,47] Unlike the conventional expectation, except for
bandgap and effective mass, the transport properties can also
be determined by the number of DLs that can be modulated by
the defect concentration.
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TdV1-APNRs, respectively.

4. Conclusion
In summary, using the density functional theory and non-

equilibrium Green’s function, we investigate the electronic and
transport properties of one-dimensional defective APNRs. It is
revealed that vacancies prefer to trap in the edge region owing
to low formation and high diffusion barrier. All single vacan-
cies introduce a local defect state near the VBM with 0.9µB

magnetic moment originally from pz orbital, which enhances
transport current by 1.2–1.5 times. The structure instability,
magnetic moment and bandgap are reduced when the width
increases. Notably, the DL takes a deep-to-shallow transfor-
mation that can improve the electrical transport performance.
Moreover, the number of DL is an important factor for trans-
port, showing a dependence on edge notch and edge recon-
struction in the APNRs with multiple vacancies. Therefore,
defect engineering is an effective method to improve electronic
and transport properties of APNRs and can also be applying
for the relevant applications.
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