
Chin. Phys. B Vol. 29, No. 8 (2020) 086801

Selective linear etching of monolayer black phosphorus using
electron beams∗

Yuhao Pan(潘宇浩)1,†, Bao Lei(雷宝)2,1,†, Jingsi Qiao(乔婧思)1, Zhixin Hu(胡智鑫)3,
Wu Zhou(周武)2, and Wei Ji(季威)1,‡

1Department of Physics and Beijing Key Laboratory of Optoelectronic Functional Materials & Micro-Nano Devices,
Renmin University of China, Beijing 100872, China

2School of Physical Sciences and CAS Center for Excellence in Topological Quantum Computation,
University of Chinese Academy of Sciences, Beijing 100190, China

3Center for Joint Quantum Studies and Department of Physics, Institute of Science, Tianjin University, Tianjin 300350, China

(Received 8 April 2020; revised manuscript received 12 May 2020; accepted manuscript online 19 May 2020)

Point and line defects are of vital importance to the physical and chemical properties of certain two-dimensional (2D)
materials. Although electron beams have been demonstrated to be capable of creating single- and multi-atom defects in 2D
materials, the products are often random and difficult to predict without theoretical inputs. In this study, the thermal motion
of atoms and electron incident angle were additionally considered to study the vacancy evolution in a black phosphorus
(BP) monolayer by using an improved first-principles molecular dynamics method. The P atoms in monolayer BP tend to
be struck away one by one under an electron beam within the displacement threshold energy range of 8.55–8.79 eV, which
ultimately induces the formation of a zigzag-like chain vacancy. The chain vacancy is a thermodynamically metastable
state and is difficult to obtain by conventional synthesis methods because the vacancy formation energy of 0.79 eV/edge
atom is higher than the typical energy in monolayer BP. Covalent-like quasi-bonds and a charge density wave are formed
along the chain vacancy, exhibiting rich electronic properties. This work proposes a theoretical protocol for simulating
a complete elastic collision process of electron beams with 2D layers and will facilitate the establishment of detailed
theoretical guidelines for experiments on 2D material etching using focused high-energy electron beams.
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1. Introduction
Since graphene monolayers were first exfoliated,[1–5]

two-dimensional (2D) materials have received extensive
attention[6–11] owing to their unique physical and chemical
properties as well as potential applications.[12–19] Defects are
inevitable in 2D materials and may play key roles in tailor-
ing their physical and chemical properties.[20–26] For exam-
ple, vacancies and domain boundaries, as two typical types
of defects in transition metal dichalcogenide (TMDC) mono-
layers, often show specific local electronic[21] and magnetic
structures[21,23] and even localized excitons.[25] However, it
has long been a challenge to introduce and modify functional
defects in a feasible and controllable manner.[27–30]

Focused electron beams have emerged as a possible
means of manipulating individual atoms on the atomic scale,
benefitting from the development of scanning transition elec-
tron microscopy (STEM). Various defects, even those stabi-
lized only under extremely non-equilibrium conditions, such
as multiple vacancies in graphene[31,32] and anti-site defects
in MoS2,[21,33] have been successfully obtained using focused

high-energy electron beams (FHEEBs) with kinetic energies
greater than 60 keV.[27] The stable non-equilibrium state is an
inherent benefit of material preparation using FHEEBs rather
than conventional synthesis methods.[34–39] FHEEBs are also
capable of creating much larger defects from intact layers,
e.g., boundaries in TMDCs[39] and narrow nanoribbons of
graphene.[36] However, the vacancies created in 2D materials,
e.g., graphene and TMDCs,[22,31] are usually randomly dis-
tributed, and only the statistics method could be employed to
perform analysis.[21,34,36] In other words, their formation pro-
cess is complicated, and it is very expensive to capture the dy-
namic trajectories experimentally. In light of these challenges,
insights from theoretical simulations have been of paramount
importance to the field of atomic manipulation using FHEEBs.

A 2D material of great interest, black phosphorus (BP)
has recently been found to exhibit excellent mechanical and
electronic properties,[40–45] which could also be manipulated
by FHEEBs.[46] A previous work revealed the dynamic stabili-
ties of single-atom defects and edge atoms under FHEEBs.[47]

However, the development of these defects and edges was not
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considered in detail, although this development determines the
final type of the defect formed. In this paper, we focus on
the evolution of a defect from a single-atom vacancy under a
FHEEB in monolayer BP and predicted the final formation of
a chain vacancy, composed of two parallel zigzag edges along
the (100) direction. During the evolution, P atoms in the same
zigzag chain along the (100) direction tend to be struck away
one by one because the displacement threshold energies (Td) of
these atoms are 8.55–8.79 eV, always lower than those along
other directions during the vacancy evolution. The zigzag-like
chain vacancy exhibits rich electronic properties. Firstly, there
are clear antibonding- and bonding-like states along the chain
vacancy, indicating that the interaction between the two edges
of the vacancy is a new kind of covalent-like quasi-bonding
(CLQB). Secondly, structural ups and downs are formed with
an obvious bandgap of 0.13 eV opened, which is a typical
characteristic of a charge density wave (CDW). This work pro-
vides a more comprehensive protocol for modelling the elastic
collision process of high-energy electrons with 2D layers and
is expected to inspire future works that will provide detailed
theoretical guidance for experiments in the field of 2D mate-
rial etching by FHEEBs.

2. Methods
2.1. Density functional theory calculations

Our density functional theory (DFT) calculations were
performed using a generalized gradient approximation for the
exchange–correlation potential, the projector augmented wave
method,[48,49] and a plane-wave basis set implemented in the
Vienna ab-initio simulation package (VASP). Van der Waals
interactions were considered at the vdW-DF level with the
optB86b functional for exchange (optB86b-vdW),[50] which
was found to be suitable for modelling the structural proper-
ties of BP.[40] The kinetic energy cut-off for the plane-wave
basis set was set to 500 eV for the structural relaxation calcu-
lations. A 2 ×2× 1 k-mesh was adopted to sample the first
Brillion zone of a 7×5 supercell of monolayer BP. The shape
and volume of the primitive cell were fully optimized, and all
of the atoms in the supercell were allowed to relax until the
residual force per atom was less than 0.01 eV/Å. The forma-
tion energy of the BP edges was derived from EForm = (EEdge–
NPµP)/NP, where EEdge is the total energy of the edge and µP

represents the chemical potential of one P atom in monolayer
BP.

2.2. Ab-initio molecular dynamics simulations

In previous works, an ab-initio molecular dynamics
(AIMD) method was proposed to simulate electron beam
irradiation.[32,35,47,51] The effects of elastic collisions were as-
sessed by evaluating the displacement threshold energy Td,

which was defined as the minimum initial kinetic energy
needed to displace an atom (referred to as a target atom in
this paper) from its original site without it recombining with
the vacancy. Although a finite temperature environment was
previously considered by introducing the Debye model, the
random thermal motions were not actually simulated.[32]

In this study, we considered the random thermal motions
by introducing a canonical ensemble process at 300 K before
performing simulations. To obtain Td, AIMD was used to
simulate the structural response to incoming momentum trans-
ferred from the incident high-energy electron beams. The ki-
netic energy cut-off was set to 400 eV in the AIMD simula-
tions.

The simulation process consisted of two steps. Firstly, a
canonical ensemble molecular dynamics simulation was per-
formed at 300 K for 4 ps with a time step of 1 fs to simulate a
thermal vibration environment. To reduce the effects of veloc-
ity fluctuations, two extreme steps were conducted in the last
2 ps to continue the simulation, where the target P atom had
the highest velocities along and against the normal vector of
the BP monolayers (which could be defined as the z-direction).
Secondly, in both cases, we introduced an additional initial ve-
locity along the −z direction toward the target P atom to simu-
late the instantaneous momentum transfer from the downward
electron beam. We then performed a microcanonical ensemble
simulation for 0.8–2 ps with a time step of 0.5 fs and traced the
trajectory of the target P atom to judge whether the atom was
out of the lattice structure. Two criteria were used here: the
displacement of the target atom and the displacement times
the velocity of the target atom. The first criterion was set to
5 Å, and the second was estimated as 2 Å ×0.05 Å/fs because
the interaction was too weak to attract the target P atom back
to the original site in these cases. A binary search method was
used to obtain the range of the transferred kinetic energy until
the velocity resolution was less than 0.001 Å/fs (Td ∼ 0.1 eV).
Finally, Td was calculated from the average of the threshold
velocities in the two extreme cases.

A case with oblique electron beam incidence was also
considered by introducing additional velocities tilted at 10◦

to the target atoms in the pristine BP monolayer. Oblique in-
cidence did not effectively reduce the displacement threshold
energies of the P1T1 atoms, which also had difficulty escaping.
For P1D1, Td increased by 0.3–1.0 eV (tilted along four differ-
ent directions (±1, 0, 0) and (0, ±1, 0)) compared to that in
the vertical incidence case. To unify the standards, we evalu-
ated the minimum Td in the above investigations, so only the
vertical cases were considered.

The entire simulation process involved extensive labor.
A control program, called the automatic beam effect simula-
tion tool (aBEST), was thus written to implement the above
process automatically by calling VASP within Python lan-
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guage. The aBEST and example files are accessible through
https://gitee.com/jigroupruc/aBEST.

Performances of the optB86b-vdW, PBE-D3, and PBE
functionals were examined by calculating Td for P1D2 and P2D1

of configuration V1P. The inclusion of van der Waals correc-
tions reduces the estimated Td, i.e., from 6.68 eV and 8.55 eV
of PBE to 6.57 eV and 7.10 eV of PBE-D3 and 5.88 eV and
7.42 eV of optB86b-vdW for atoms P1D2 and P2D1. However,
their relative differences between atoms P1D2 and P2D1 are
rather comparable, especially for those of PBE and optB86b-
vdW. In light of this, the use of PBE, instead of optB86b-vdW,
in DFT-MD simulations does not qualitatively change the con-
clusion of relative Td energies of different atoms, but saves the
computational cost by roughly three times.

2.3. Electron beam threshold kinetic energy estimations

The electron beam threshold kinetic energy here is de-
fined as the minimum electron beam kinetic energy required
to knock out the target atom. In other words, the cross-section
of the electron beam for the target atom becomes positive just
at the threshold kinetic energy. The cross-section at a selected
Td can be derived using the McKinley–Feshbach formalism[52]

as
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Here, Z is the proton number of the target atom (15 for P);
ε0 is the vacuum permittivity; me and M are the masses of
an electron and P atom, respectively; ve is the velocity of the
electron before scattering; Emax

t is the maximum energy trans-
ferred from an electron beam with a kinetic energy of Ee to
the target P atom, and c is the velocity of light. As the cross-
section was set equal to zero, electron beam threshold kinetic
energy E t

e could be evaluated.

3. Results and discussion
3.1. Formation of a single vacancy

There are two kinds of P atoms in pristine monolayer BP
when electron beams are incident from the top to bottom be-
cause of the symmetry of the geometry, as shown using differ-
ent colors in Fig. 1(a). The two kinds of P atoms combine into
two parallel zigzag-like chains.
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Fig. 1. (a) Top and side views of atomic structure of monolayer BP (V0P). The names of the zigzag-like chains and two tested atoms are
marked. The upper (colored in plum) and lower (colored in light coral) chains are named nT (n is the order number of the chain) and nD,
respectively. The P atoms in the upper and lower sublayers are named PnTm (m is the order number of the atom) and PnDm, respectively. (b)
and (c) Trajectories of two tested P atoms in pristine monolayer BP under an FHEEB. (d) Top and side views of the atomic structure of a
single-atom vacancy BP (V1P) and all five tested P atoms. (e) Calculated cross-sections for the tested atoms in pristine monolayer BP (V0P)
and single-atom vacancy monolayer BP (V1P).

The Td was calculated for two typical atoms (P1T1, P1D1)
to compare their dynamic stabilities under the FHEEB. It is
very difficult (Td > 19 eV) for the P1T1 atom (see Fig. 1(a))
to leave the BP monolayer because it collides with the P atom

(P1D1) underneath (Fig. 1(b)), while P1D1 could depart from
the layer much more easily (Td ∼ 9.03 eV) (Fig. 1(c)). The
cross-sections were also calculated for the displacement of the
two P atoms, as shown in Fig. 1(e) and Table 1. The P1D1 gives
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rise to a corresponding electron beam threshold kinetic en-
ergy E t

e of ∼ 114.8 keV, which is easily accessible by modern
STEM.[53,54] There is enough time for structural relaxation of
the lattice before the next electron beam irradiation in regular
STEM.[32,47] We fully relaxed the single-atom vacancy of the
monolayer BP (V1P) for the subsequent studies of the vacancy
development, as shown in Fig. 1(d). In the V1P structure, P1T1

moves along the y-direction to neutralize the dangling bonds
around P2D1 and P2D2.

3.2. Vacancy development

The chemical environments of the atoms surrounding the
single-atom vacancy are very different from those in pris-
tine monolayer BP. Td was calculated for five selected typi-
cal atoms to uncover the dynamic stability differences of the
surrounding atoms. These five atoms represent three typical
directions in which the vacancy could develop, as indicated in
Fig. 1(d). The Td values and electron beam threshold kinetic
energies of these five P atoms are summarized in Table 1 and
depicted in Fig. 1(e). It is interesting that P1D2, the nearest P
atom to the vacancy within the same zigzag chain, shows the
smallest Td of 6.68 eV (E t

e ∼ 87 keV). For the other selected
atoms, Td is at least 1.8 eV (E t

e ∼ 23 keV) higher than that
of P1D2, which is enough to distinguish their dynamic stabil-
ity under an FHEEB. Thus, P1D2 can be knocked out without
removing the other atoms. A double-atom vacancy (V2P) is
thereby formed. The surrounding atoms also move to neutral-
ize dangling bonds in V2P after relaxation. In particular, P1D3

is obviously close to V2P and moves upwards along the (001)
direction, as shown in Fig. 2(a).

Continuing the vacancy development, Td and E t
e of five

selected typical P atoms around the double-atom vacancy V2P

(circled in Fig. 2(a)) were evaluated. Similarly to the V1P case,
the nearest P atom (P1D3) to the vacancy along the same zigzag
chain also has the smallest Td of 8.32 eV. Seven typical P atoms
in a triple-atom vacancy (V3P) and five typical P atoms in a
quadruple-atom vacancy (V4P) were also tested, as shown in
Figs. 2(b) and 2(c). The simulation results indicate that P1D4

(Td ∼ 7.75 eV and E t
e ∼ 99.9 keV) and P1D5 (Td ∼ 8.44 eV and

E t
e ∼ 107.9 keV) will be struck away in a row. The vacancy

tends to be extended along this zigzag-like P atom chain under
the FHEEB according to the above results.

The reason for this finding is associated with the local
structures around the atoms, according to our observation of
the atom trajectories. The atoms in the upper sublayers always
have difficulty escaping because they would bond to or crash
into the atoms in the lower sublayers although the electron
beam breaks their bonds with other upper-layer atoms. Mean-
while, for the atoms in the lower sublayers, there are fewer
atoms nearby to prevent them from escaping when they are
near vacancies than in the pristine lattice. In other words, the

closer an atom is to a vacancy, the less likely it is to be bonded
with and transfer momentum to the surrounding atoms.

Table 1. Displacement threshold energy and corresponding minimum
electron accelerating voltage for tested P atoms in V0P and monolayer
BP with V1P, V2P, V3P, and V4P.

Structure Atoms Td/eV E t
e/keV

V0P
P1D1 9.03 114.8
P1T1 > 19 > 225

V1P

P1T1 10.15 127.5
P1D2 6.68 87.0
P1D3 8.67 113.4
P2T1 > 19 > 225
P2D1 8.55 110.6

V2P

P1T1 12.15 149.8
P1T2 13.44 163.7
P1T3 11.06 137.7
P1D3 8.32 106.5
P1D4 9.27 117.5

V3P

P1T2 > 17 > 201
P1T3 10.79 134.8
P1D4 7.75 99.9
P1D5 8.79 112.0
P2T2 9.39 118.9
P2T3 > 16 > 191
P2T4 14.49 174.8

V4P

P1T3 9.15 116.1
P1T4 > 16 > 191
P1T5 11.46 142.2
P1D5 8.44 107.9
P2T4 > 14 > 173
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Fig. 2. Atomic structures of BP with vacancies and zigzag chain va-
cancy. (a)–(c) Top and side views of atomic structures of BP with
double-atom vacancy (V2P), triple-atom vacancy (V3P), and quadruple-
atom vacancy (V4P) with the tested atoms marked on them. (d) Pre-
dicted zigzag chain vacancy in monolayer BP.

Based on these results, we also predicted that the vacancy
would expand along a 1D zigzag chain and eventually be-
come a zigzag chain vacancy (as shown in Fig. 2(d)) under an
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FHEEB. A double chain vacancy, which had high structural
similarity to our predicted zigzag chain vacancy, was found
in few-layer BP under an FHEEB in a recent experiment.[34]

These experimental results confirm our prediction and verify
the reliability of our method.

3.3. Electronic properties of the vacancy

The electronic properties of the zigzag chain vacancy
were calculated for in-depth study. The differential charge
density (DCD) indicated that the interaction between the two
parallel zigzag edges is stronger than the van der Waals in-
teraction because the electron charge significantly decreases
near the interfacial P atoms and accumulates between them,
as shown in Fig. 3(c). Furthermore, the band structure along
the x-direction and partial charge density (PCD) are plotted
to uncover the interaction between the two edges. As shown
in Fig. 3(a), the chain vacancy has two metallic edge states,
named MB1 and MB2. The PCDs of the two metallic states
show clear antibonding-like (MB1) and bonding-like (MB2)
states between the two zigzag edges (see Fig. 3(b)), illustrat-
ing that the two parallel zigzag edge states are hybridized with

each other. The hybridization, however, is not as strong as
a covalent bond because both states are half-occupied with
a small energy reduction (72 meV/edge atom). A recently
uncovered non-covalent interaction between two BP layers,
covalent-like quasi-bonding CLQB,[40,55] offers new insight
into the interactions between two BP layers, where the bond-
ing and anti-bonding states are both fully occupied. Our find-
ings help improve understanding of CLQB in which covalent-
like states can also be half-occupied.

A CDW feature was also found in this zigzag chain va-
cancy. The cross-point of the Fermi level and MB2 was
near the midpoint between points Γ and X . A double-
periodic lattice was thus tested to look for the CDW accord-
ing to the Fermi surface nesting theory in a one-dimensional
system. The zigzag chain vacancy indeed spontaneously
formed structural ups and downs with a tiny energy drop (only
4.3 meV/edge atom), as shown in Figs. 3(c) and 3(d). An obvi-
ous bandgap of 0.13 eV was also found to have opened, which
is a typical characteristic of a CDW. The vacancy changed
from a metallic to narrow gap system.
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Fig. 3. Electrical properties of predicted zigzag chain vacancy in monolayer BP. (a) Band structure and density of states of the chain vacancy.
(b) PCD at bands MB1 and MB2, DCD, and atomic structure of the zigzag edge chain. (c) Band structure of double-periodic chain vacancies
with and without up-and-down distortion. (c) PCD at bands MB1 and MB2, DCD, and atomic structure of the zigzag edge chain. (d) Top view
(left) and side view (right) of the atomic structure of the chain vacancy with distortion.

3.4. Thermodynamic stability

A zigzag edge is obviously not the only kind of edge in
monolayer BP. Thus, the geometric structures of several possi-
ble edges were relaxed, and their formation energies were cal-
culated to study the thermodynamic stability of our predicted
vacancy. Along three crystal directions with low indices, as
shown in Figs. 4(k)–4(o), five types of edges could be ob-

tained, called Klein 110, Zigzag 110, Klein 100, Zigzag 100,
and Armchair, with the top and side views shown in Figs. 4(a)–
4(j). The sequence of their stabilities according our formation
energy calculations was as follows: Klein 100 (0.43 eV/Å) >
Klein 110 (0.45 eV/Å) > predicted chain vacancy (0.48 eV/Å)
> Zigzag 100 (0.52 eV/Å) > Armchair (0.67 eV/ Å) > Zigzag
110 (0.84 eV/Å).
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(g) (h) (i)(f) (j)              

(b) (c) (d)(a) (e)
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Kln 110 Kln 100 AC ZZ 100 ZZ 110

(o)

Fig. 4. Five kinds of calculated edges in monolayer BP. Top views (a)–(e) and side views (f)–(j) of the atomic structures of the edges we focused
on in monolayer BP. (k)–(o) Crystal directions of the corresponding edges.

4. Conclusion
A special zigzag chain vacancy in monolayer BP was

predicted by using an FHEEB and knocking away P atoms
one by one along a zigzag chain in the lower sublayers. The
calculated electronic properties of the chain vacancy showed
that there was quasi-bonding between the two edges of the
vacancy, and a CDW was also formed along the vacancy.
Our findings help improve understanding of quasi-bonding
in which covalent-like states can also be half-occupied. The
chain vacancy was a dynamically stable but thermodynami-
cally metastable state according to our comparison of the sta-
bilities of five typical edges in monolayer BP. It was inspiring
that the electron beam could create a dynamically mostly sta-
ble but thermodynamically metastable vacancy, which is dif-
ficult to obtain using conventional chemical synthesis meth-
ods but easier to achieve using an electron beam, as stated
above. This characteristic proves that an FHEEB can cre-
ate a special environment for defect development. In addi-
tion, although the protocol provided in this work offers a route
to more comprehensively capture the elastic collision pro-
cess of defect formation in monolayer BP, the method is also
subject to improvement with considering inelastic collisions
(or electronic excitation process). Electronic excitation under
electron beams is a complicated process which may involve
phonon scattering,[56,57] intra- or inter-band transition,[58,59]

plasmon,[60] among the others. A few previous methods
do be available to simulate those excitation processes, like
constrained density functional theory,[61] impulsive 2-state
model,[62,63] non-adiabatic molecular dynamics,[64] and time-
dependent density functional theory.[65] This work is expected
to inspire further works that will implement those exciton
modeling methods into the simulation protocol and thus pro-

vide detailed theoretical guidance for future experiments in the
field of 2D material etching by FHEEBs.
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