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Electron-Beam-Induced Adatom-Vacancy-Complexes in
Mono- and Bilayer Phosphorene

Carsten Speckmann,* Andrea Angeletti, Lukáš Kývala, David Lamprecht, Felix Herterich,
Clemens Mangler, Lado Filipovic, Christoph Dellago, Cesare Franchini, and Jani Kotakoski*

Phosphorene, a puckered 2D allotrope of phosphorus, has sparked consid-
erable interest in recent years due to its potential especially for optoelectronic
applications with its layer-number-dependant direct band gap and strongly
bound excitons. However, detailed experimentalcharacterization of its intrinsic
defects as well as its defect creation characteristics under electron irradiation
are scarce. Here, the creation and stability of a variety of defect configurations
under 60 kV electron irradiation in mono- and bilayer phosphorene are reported
including the first experimental reports of stable adatom-vacancy-complexes.
Displacement cross section measurements in bilayer phosphorene
yield a value of 7.7 ± 1.4 barn with an estimated lifetime of adatom-
vacancy-complexes of 19.9 ± 0.7 s, while some are stable for up to 68 s under
continuous electron irradiation. Surprisingly, ab initio-based simulations indi-
cate that the complexes should readily recombine, even in structures strained
by up to 3%. The presented results will help to improve the understanding of
the wide variety of defects in phosphorene, their creation, and their stability,
which may enable new pathways for defect engineered phosphorene devices.

1. Introduction

Semiconducting 2D materials have been a research focus for
some time as they provide the potential to create smaller,
and more importantly, the thinnest possible devices in
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nanoelectronics.[1,2] One of the most in-
teresting materials is phosphorene, a sin-
gle layer of black phosphorus (BP), a
layered material where layers show a
puckered, hexagonal structure with lat-
tice parameters of 3.3 and 4.53 Å along
the zig-zag (ZZ) and armchair (AC) di-
rections, respectively.[3] BP is also the
thermodynamically most stable allotrope
of phosphorus.[4] Mono- or few-layer
phosphorene has recently received in-
creasing attention for its electronic and
optoelectronic application potential.[3,5–8]

This is due to its thickness-dependent
direct band gap, which ranges from
1.73 eV in the monolayer to 0.35 eV
in the bulk,[9] mechanical flexibility,[10]

and its strongly bound excitons with
binding energies as high as 0.9 eV.[11]

More importantly, due to its unique
atomic structure, phosphorene shows
interesting anisotropic properties, such

as Raman mode sensitivity on polarization angle and sample
orientation,[12] an anisotropic charge carrier effective mass,[13,14]

a negative Poisson’s ratio,[15] anisotropic bright excitons,[11,16] as
well as an anisotropic electrical and thermal conductance[17,18]

that could all be used for tailored applications. However, phos-
phorene is extremely sensitive to oxidation, leading to rapid
degradation within hours or even minutes of being exposed to
ambient conditions,[19,20] complicating both the interpretation of
measurements where samples were exposed to oxygen during
the process as well as its application potential.

It is well known that defects influence the properties of ma-
terials, which is why a thorough understanding of their creation
and effects of these defects is needed. Density-functional theory
calculations for the knock-on displacement thresholds in phos-
phorene under electron-irradiation indicate that beam damage
would only occur with an elastically transferred kinetic energy
of ⩾6 eV for a pristine sample and ⩾4.5 eV for a sample with
defects;[21] however, experimentally, this has not been studied yet.
In addition, recent studies show that in semiconducting and in-
sulating 2D materials, beam damage can occur below the knock-
on threshold due to electronic excitations.[22–24] This can also be
expected to take place with phosphorene. In the case of vacan-
cies, theory predicts monovacancies to induce a magnetic mo-
ment of 1 μB

[25,26] as well as an in-gap state,[25,27,28] whereas di-
vacancies are predicted to show neither.[25,27] Defects have also
been suggested to serve as nucleation sites for surface oxidation
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when exposed to oxygen or water vapor,[29] while, in combina-
tion with strain, they can also lead to a structural phase transi-
tions serving as catalyzing sites for new phases.[30] Experimental
characterization of defects in mono- and few-layer phosphorene
was so far mainly done using scanning tunneling microscopy
(STM)[31–37] and transmission electron microscopy (TEM).[38–41]

A layer-by-layer thinning of multilayer phosphorene under 80 kV
electron irradiation was reported for pristine samples[38,41] and
graphene/phosphorene heterostructures[40] where for all cases, a
(reconstructed) ZZ edge configuration during the thinning pro-
cess was found to be preferred over an AC configuration. Fur-
thermore, a detailed study of specific defect configurations in
mono- and few-layer phosphorene at elevated temperatures of
523–673 K has reported the presence of divacancies, tetravacan-
cies, and long defect lines, along with their most stable config-
urations, diffusion behavior, as well as possible transformation
mechanisms.[39] Experimental observations of monovacacies in
TEM are limited to a recent study claiming to have observed a
monovacancy for the first time with this method,[42] whereas sev-
eral studies were already published on the observations of mono-
vacancies using STM.[31–34] However, similar features in STM
have also been attributed to substitutional tin impurities rather
then phosphorus monovacancies.[35–37]

In this study, we use scanning transmission electron mi-
croscopy high angle annular dark field (HAADF) imaging to
record the effects of a 60 keV electron beam on a bilayer phos-
phorene sample, characterizing the created defects and their dy-
namics. In addition to previously reported vacancy configura-
tions, we further identify a number of yet unreported defects.
Notably, almost all vacancies show adjacent phosphorus inter-
stitials or adatoms, which is the first observation of such de-
fects in phosphorene. DFT was used to relax models of the ob-
served structures followed by STEM simulations to verify their
correct identification. We estimate the displacement cross sec-
tion of bilayer phosphorene under 60 keV electron irradiation to
be 7.7 ± 1.4 barn with an estimated lifetime of adatom-vacancy-
complexes under electron irradiation of 19.9 ± 0.7 s and a max-
imum observed lifetime of up to 68 s. Additionally, we give a
rough estimate for the cross sections of the individual phospho-
rene sublayers toward and away from the electron source for the
farther phosphorene layer of the bilayer to be 2.0 ± 0.3 barn and
10.4 ± 1.6 barn, respectively. For the other layer, much fewer
defects were observed. Molecular dynamics simulations, accel-
erated by high-dimensional neural network potentials (HDNNP-
MD), were employed to asses the stability of the adatom-vacancy-
complexes both under equilibrium conditions, as well as under
isotropic and anisotropic strain/stress of up to 3%. However, all
of these simulations resulted in the recombination of adatoms
and defects far below the observed lifetimes.

2. Results and Discussion

The samples were mechanically exfoliated in an Ar atmosphere
and brought into vacuum without being exposed to air. For details
on the sample preparation, we refer to the Methods section. A typ-
ical clean area of the sample can be seen in Figure 1a, showing
an AB stacked bilayer of phosphorene surrounded by (brighter)
contamination. The exact composition of this type of contami-
nation is unknown, but previous studies indicate a mixture of

different hydrocarbons[43–46] as well as polymer residue from the
transfer process.[46,47] The effect of electron irradiation on this
structure can be seen in Figure 1b, where defects were created
in the area marked with the green square after ∼ 8.5 s. The area
within the green square is magnified in Figure 1c where a red
arrow highlights a missing phosphorus atom and a cyan arrow a
phosphorus interstitial or adatom. To verify the interpretation of
this feature as an additional phosphorus atom which is located
next to a vacancy, which from now on will be called an adatom-
vacancy-complex, we used DFT to first relax a model of the ob-
served structure followed by STEM image simulations. We find
a good agreement between the simulated STEM image of the
relaxed structure (Figure 1d) and the experimental image. De-
tails on the relaxation and the simulation process can be found
in the Methods section. To our knowledge, this is the first ex-
perimental verification of an adatom-vacancy-complex in phos-
phorene, which has previously only been predicted by theory.[21]

Previous (S)TEM studies on defects in phosphorene[38–41] never
mentioned the existence of phosphorus adatoms, which might
be due to the lower electron acceleration voltage of 60 kV used
here and/or due to the fact that the sample was not heated dur-
ing the experiments in this study and/or due to the low pressure
in the objective area of the microscope (∼ 10−10 mbar).

In Figure 1e–h, starting with panel e, we show a similar be-
haviour for a small patch of monolayer phosphorene on the bot-
tom of the image. This monolayer flake was created by prolonged
electron irradiation, utilizing the previously reported layer-by-
layer thinning.[38,41] In most cases, this process created a pore
before a monolayer became visible, but occasionally resulted in a
monolayer, allowing its imaging.

In Figure 1g, showing a magnified view of the area marked
with an orange square in Figure 1f, an adatom-vacancy-complex
that was created via electron irradiation can be seen. Those were
again verified using DFT and STEM image simulations, visible
in Figure 1h, where we can see an excellent agreement between
experiment and simulation. Given the low theoretical energy bar-
rier for point defect diffusion in phosphorene (monovacancies:
0.09 eV[21] – 0.25 eV[28] along ZZ direction; 0.38 eV[26] – 0.44 eV[28]

along AC direction; adatoms: 0.15 eV[28] – 0.23 eV[21] along ZZ
direction; ≳ 1.19 eV[21] along AC direction) and therefore their
expected extreme mobility at room temperature, it is surprising
to find a phosphorus monovacancy and phosphorus adatom to be
stable for the several milliseconds, required to record its feature
in this image. This is especially intriguing, as there is only one
experimental TEM study claiming to have observed a monova-
cancy in phosphorene,[42] with unfortunately somewhat ambigu-
ous images.

To further estimate the probability of creating a phosphorus
vacancy in the phosphorene bilayer, we identified all defects that
were created during our measurements and correlated those with
the electron doses that were applied to the sample between each
appearance of a new defect. The displacement processes are inde-
pendent events, which follow a Poissonian distribution as a func-
tion of the electron dose necessary to create a defect.[48] We use
this Poissonian distribution to get the mean number of electrons
needed for the creation of a single defect (see Figure 2b). This
corresponds to the expectation value of the process. In the shown
bar plots, at each electron dose, Ne-, the number of defects that
required an electron dose higher than this to be created, n(Ne-),
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Figure 1. Creation of adatom-vacancy-complexes in bi- and monolayer phosphorene. Two STEM-HAADF image pairs of bilayer phosphorene (a–b) and
a monolayer patch of phosphorene (e–f) recorded with 1024 px × 1024 px and a frame time of ∼ 8.5 s. A zoomed-in image of the area marked with a
green (orange) square in b (f) after applying a Gaussian blur of 6 px (4 px) is shown in c (g) where cyan and red arrows denote adatoms and vacancies,
respectively. Simulated STEM-HAADF images of an adatom-vacancy-complex in bilayer (monolayer) phosphorene are shown in d (h). The scale bars are
1 nm.

is shown. According to Poisson statistics, this should show an
exponential decline, as is the case here. The mean electron dose
corresponding to the data for all defects in layer 1 yields a cross
section of 7.7 ± 1.4 barn.

Note that most defects observed during these experiments
were found in one of the two layers, indicating that there are
different cross sections for the individual layers. Following the
previous argument by Vierimaa et al.,[21] it is justified to assume
that the layer hosting most of the defects is the one further away
from the electron source (labeled layer 1 in Figure 2a). To esti-
mate the cross sections of the individual phosphorene sublayers
(labeled planes A and B in Figure 2a), we assigned the defects
observed in the experiments to their distinct planes to test the
hypothesis that one of the planes has a significantly higher cross
section compared to the other. The results and statistical analysis
are shown in Figure 2c,d. Possible deviations from perfect Pois-
sonian statistics could be explained by the migration of some de-
fects between the planes thermally or due to the electron beam.
The mean values obtained via these fits yield cross sections for
the two planes of 2.0 ± 0.3 barn and 10.4 ± 1.6 barn for panel c
and d, respectively.

It is possible to estimate the displacement energy threshold
based on these cross sections by assuming a pure knock-on pro-
cess using the McKinley-Feshbach-formalism,[49] while also con-
sidering the lattice vibrations[50–53] using the Debye model with
a Debye temperature of 278.66 K for phosphorene.[54] Those re-

sult in a threshold value of 4.79 ± 0.03 eV for the whole structure
while the plane cross sections yield 5.01 ± 0.03 eV and 4.73 ±
0.03 eV for plane B and A, respectively. Those values are consid-
erably lower than previously reported theoretical displacement
threshold energies of 10.5 eV in pristine phosphorene or 7 eV
in phosphorene with adatom-vacancy-complexes,[21] which sug-
gests that inelastic scattering effects can not be neglected for
phosphorene, similar to MoS2 and hBN.[22–24] Another possibility
with a maximum threshold of 6 eV[21] would be a three-electron
process, where the first electron induces a Stone-Wales (SW)
transformation in the material. If the SW defect is further im-
pacted by another electron, an adatom can be produced (not an
adatom-vacancy-complex), which can afterwards be ejected by a
third electron. However, this process is rather unlikely as it re-
quires three electrons to hit the sample in the same place before
a relaxation of the material can occur. Also, each of the three elec-
trons would need to cause exactly the type of transformation de-
scribed above.

As for the adatom-vacancy-complexes, we not only observe
their creation, but also their recombination, as can be seen in
the image series shown in Figure 3a,b. Here, an adatom-vacancy-
complex is present in the first frame, which recombines before
the second frame is recorded, followed by the creation of two ad-
jacent adatom-vacancy-complexes in the fourth frame which are
stable for a few seconds, before recombining to show again a pris-
tine layer in frame six. In panels c and d, the number of adatoms,
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Figure 2. Statistics of the number of created defects in bilayer phosphorene. Panel a shows a schematic side view illustration of the phosphorene bilayer
structure, indicating the different layers (colored in light purple and blue) and planes in the structure with respect to the incident electron beam (colored
in green). Panels (b–d) exhibit the cumulative statistics for the number of electrons needed for the creation of a single defect including all defects of
layer 1 in panel b, only the defects in one plane (B) of layer 1 in panel c and those of the other plane (A) in panel d. Here, n(Ne-) indicates the number of
vacancies that required an electron dose higher than Ne- to be created. Additionally, an exponential decline (shown in black) was fitted to the data (see
text).

Nads, and vacancies, Nvacs, as a function of electron dose in three
distinct image series are shown. A clear trend toward the simulta-
neous creation and annihilation of adatoms and vacancies can be
observed, although, some additional vacancies and adatoms are
also occasionally seen. The observation of more adatoms com-
pared to the number of vacancies might be explained via adatom
diffusion from outside the field of view of the analyzed images
while adatoms adjacent to vacancies almost always stay close to
the defect. We observe lifetimes of these complexes under elec-
tron irradiation between 2.2 s and 68 s with a mean lifetime of
19.9 ± 0.7 s. As the distribution of these lifetimes appears Poisso-
nian, we use the same technique to determine the mean lifetime
as for the number of electrons needed to create a single defect.
Note that lifetimes below 2.2 s could not be measured as this is
the time used to record a single frame.

We conducted HDNNP-MD simulations under various condi-
tions to investigate the stability of the adatom-vacancy-complex in
monolayer phosphorene. Starting from a relaxed structure, sim-
ilar to the experimental one shown in Figure 1g, we tested differ-
ent conditions, including equilibrium and applied isotropic and
anisotropic strains/stresses of 1% and 3%. In all cases, we consis-
tently observed recombination, as shown in Figure 4a, occurring
on average within a timescale of less than one nanosecond. Ad-
ditionally, our simulations revealed two types of hopping mecha-
nisms, one where the entire adatom-vacancy-complex is hopping
and one where just the adatom is changing its orientation with

respect to the vacancy, as illustrated in Figure 4b,c, respectively.
Note that the hopping mechanism shown in Figure 4b was al-
ready proposed by theory as a rotation along the ZZ direction for
monovacancies in monolayer phosphorene, although no adatom
was present for these simulations.[55] Thus, the adatom-vacancy-
complex seems to be comparable to a vacancy without an addi-
tional adatom in terms of its migration. The transition shown
in Figure 4c is based on climbing image-nudged elastic band
(ci-NEB) calculations only, revealing an energy barrier of 0.5 eV
for this transition, which could not be verified by HDNNP-MD,
as the adatom would always recombine with the vacancy via the
transition shown in Figure 4a before the adatom hopping could
be observed. The validity of these mechanisms was confirmed
through DFT calculations. Unfortunately, due to the intricate na-
ture of the transition mechanism, it was not possible to converge
the ci-NEB calculation for the recombination process represented
in Figure 4a. In fact, we were only able to estimate the energy bar-
rier for the hopping shown in Figure 4c. Therefore, the observed
stability of the complexes may be due to effects not accounted for
in our simulation, such as out-of-equilibrium responses that can
not be addressed at the DFT level. Possible explanations include
a slight bending of the monolayer, an interaction with the bilayer
interface, or a charge potential induced by STEM imaging.

During measurements where the phosphorene sample was
continuously irradiated with highly energetic electrons, we could
also observe local shifts in the stacking order of the bilayer. Four
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Figure 3. STEM-HAADF image series of bilayer phosphorene. Panel a shows five as-recorded images of an image series recorded with 512 px × 512
px and a frame time of ∼ 2.2 s, where the frame number is indicated in the top right corner of each image. Frame 5 was omitted as it displayed the
same structure as frame 4. A Gaussian blur (4 px) was applied to the images in panel b, and cyan and red arrows were added to indicate adatoms
and vacancies, respectively. Panels c and d show the evolution of the number of adatoms and vacancies as a function of the total number of electrons
impinging on the sample for three example image series. The vertical grey lines indicates the average number of electrons needed to create one defect
in bilayer phosphorene. The dashed blue line labeled ”Series 1” corresponds to the images shown in a and b. The scale bar is 1 nm.

distinct stacking orders could be identified, as shown in Figure 5.
Panel a shows the known AB stacking order that was reported
both for bulk BP[56] as well as thin layers.[12] The other stack-
ing orders are characterized by a shift along the ZZ direction
for the structure labeled here A𝜖 (Figure 5b), a shift along the
AC direction for the A𝛿 structure (Figure 5c), and a shift along
both directions for the TS structure (Figure 5d). The A𝛿 and TS
stacking order have also been studied theoretically, showing their
(meta-)stability as well as their influence on the electronic struc-
ture of the phosphorene bilayer,[57] while we could not find any
reports on the A𝜖 structure in the literature. One noteworthy the-
oretical prediction for a transition from the AB into the TS or A𝛿
stacking order is the induced transition from a direct to an indi-
rect bandgap, which is otherwise absent in BP.[57] These findings
mark the first experimental observation of these different stack-
ing orders in bilayer phosphorene.

Finally, we want to further highlight the variety of different de-
fect configurations beyond monovacacies (see Figure 1) observed
in phosphorene bilayers. Figure 6 shows a divacancy (panel a),
trivacancy (panel b) and two different configurations of tetrava-
cancies (panels c and d) along the ZZ direction with a vari-
able number of adatoms. Figure 7 shows the same sequence
of defects (divacancy in panel a, trivacancy in panel b and two
configurations of tetravacancies in panels c and d), this time

orientated along the AC direction. Note that the structures in
Figure 6a,d have been previously reported without adatoms,[39,42]

while the other structures are yet unreported. With the exception
of Figure 7a, a reasonably good agreement between the simulated
and the experimentally observed structures could be achieved, in-
dicating the correct identification of these defects. The discrep-
ancies for Figure 7a might be explained by the occurrence of A𝛿
stacking (see Figure 5c) in the experimental image, which might
influence the stability of the defect structure.

3. Conclusion

In conclusion, we characterized a number of yet unreported de-
fect configurations in mono- and bilayer phosphorene, including
stable adatom-vacancy-complexes. The experimentally obtained
displacement cross section of bilayer phosphorene under 60 kV
electron irradiation was measured to be 7.7 ± 1.4 barn with most
defects being located in just one single layer. Within this layer,
the two atomic planes also showed clearly distinct cross sec-
tion values (10.4 ± 1.6 barn and 2.0 ± 0.3 barn, presumably for
the planes away and toward the electron source, respectively).
The average lifetime of adatom-vacancy-complexes was found
to be 19.9 ± 0.7 s with a maximum observed lifetime of up to
68 s. Using DFT, the observation of different adatom-vacancy
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Figure 4. Transition mechanisms in monolayer phosphorene adatom-vacancy-complexes observed via HDNNP-MD and ci-NEB. A recombination pro-
cess of a monovacancy and an adatom is shown in panel a and two different types of hopping are depicted in panels b and c. The hopping in b shows
an adatom-vacancy-complex hopping as a whole, while c shows how an adatom changes its orientation with respect to the vacancy. All of these transi-
tions start from the same adatom-vacancy-complex configuration. The model for this configuration is based on the experimental observation shown in
Figure 1g and was used to simulate the corresponding STEM image in Figure 1h. Times in the top right corner of each frame in panels a and b indicate
the time between the given and the previous frame as observed in HDNNP-MD (0% strain, 300 K). Light purple atoms indicate phosphorus atoms in
the phosphorene structure, while green atoms indicate the phosphorus adatom. HDNNP-MD was used to find the transition mechanisms shown in a
and b, while ci-NEB calculations were used to identify the transition in c.

Figure 5. STEM-HAADF images of different BP stacking orders. Each panel highlights a different stacking order in bilayer phosphorene. The as-recorded
image is visible on the left of each panel with a purple square indicating the zoomed-in area shown in the inset. A Gaussian blur was applied to the
zoom-in. The top right of each panel features a structural model of the different stacking orders from the top view and a STEM-HAADF simulation of
this structure is shown on the bottom right. Atoms are colored in light purple and blue to indicate the two layers in the bilayer structure. Panels a and c
were recorded with 1024 px × 1024 px and a Gaussian blur of 6 px was applied in the inset while panels b and d were recorded with 512 px × 512 px and
a Gaussian blur of 4 px was applied in the inset. The scale bars are 1 nm.
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Figure 6. STEM-HAADF images of different adatom-vacancy configurations along the ZZ direction. Each panel shows a different defect configuration,
including homoatomic adatoms in bilayer phosphorene. The as-recorded image is visible on the left of each panel with a purple square indicating the
area hosting a defect. A zoom-in of this area is shown after applying a Gaussian blur in the top right, framed with the same color as in the as-recorded
image. The bottom right of each panel features a structural model of the defect configuration in both top and side view, relaxed using DFT. The top
right image without a frame is a STEM-HAADF simulation of this model. Atoms colored in light purple and blue indicate phosphorus atoms in the two
different layers of the bilayer structure and green atoms indicate phosphorus adatoms, respectively. Panels a, b, d were recorded with 512 px × 512 px
and a Gaussian blur of 4 px was applied while panel c, was recorded with 1024 px × 1024px and a Gaussian blur of 6 px was applied. The scale bars are
1 nm in the as-recorded images and structural models and 1 Å in the zoomed-in images.

configurations was verified while the extended lifetime of
the adatom-vacancy-complexes could not be reproduced using
HDNNP-MD, leaving the explanation for the stability of these
structures as an open question that requires further investiga-
tion. These results further extend the understanding of the cre-
ation and stability of defects in phosphorene, which might lead to
the creation of tailored defect-engineered phosphorene devices.
However, further studies investigating the created defects as a
function of electron energy or environment might be needed.

4. Experimental Section
Sample Preparation: Phosphorene samples were produced inside an

Ar glovebox with both O2 and H2O partial pressures below 0.5 ppm us-
ing the mechanical exfoliation technique introduced by Novoselov et al.[58]

The bulk BP crystal was commercially bought from HQ Graphene. After ex-
foliation, thin flakes of BP were transferred onto a custom-made 200 μm
thick silicon TEM grid with 3 × 3 windows covered by a 1 μm thick holey sil-
icon nitride membrane using an all-dry viscoelastic stamping method.[59]

Each window has a 5×5 matrix of 2 μm holes with a separation of 5 μm

Figure 7. STEM-HAADF images of different adatom-vacancy configurations along the AC direction. Each panel shows a different defect configuration,
including homoatomic adatoms in bilayer phosphorene. The as-recorded image is visible on the left of each panel with a purple square indicating the
area hosting a defect. A zoom-in of this area is shown after applying a Gaussian blur in the top right, framed with the same color as in the as-recorded
image. The bottom right of each panel features a structural model of the defect configuration in both top and side view, relaxed using DFT. The top
right image without a frame is a STEM-HAADF simulation of this model. Atoms colored in light purple and blue indicate phosphorus atoms in the two
different layers of the bilayer structure and green atoms indicate phosphorus adatoms, respectively. Panels a, b, c were recorded with 1024 px × 1024 px
and a Gaussian blur of 6 px was applied while panel d, was recorded with 512 px × 512 px and a Gaussian blur of 4 px was applied. The scale bars are
1 nm in the as-recorded images and structural models and 1 Å in the zoomed-in images.

Adv. Mater. Interfaces 2024, 2400784 2400784 (7 of 9) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400784 by T
echnische U

niversitaet W
ien, W

iley O
nline L

ibrary on [22/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

between holes. Samples were introduced to ultra-high vacuum (UHV)
within 20 min after the transfer to the TEM grids was finished, and they
were baked over night at ca. 150°C before any measurements were con-
ducted. Due to the unique design of the CANVAS UHV system,[60] con-
necting the glovebox directly to the loadlock of the system, the samples
could be transferred into vacuum (pressure ∼ 10−9 mbar) without expo-
sure to ambient conditions, avoiding oxidation of the material to influence
the experimental results. In between measurements, samples were kept in
vacuum to prevent degradation.

Scanning Transmission Electron Microscopy: The microscope used for
this study is a Nion UltraSTEM 100 equipped with a cold field emission
gun obtaining a probe size of ∼1 Å. Images were recorded at room temper-
ature using a HAADF detector with collection angles of 80 − 300 mrad at
a constant electron acceleration voltage of 60 kV and a beam convergence
semiangle of 30 mrad. Additionally, the number of impinging electrons on
the sample was measured[23] resulting in a beam current of 16.5 ± 0.5 pA.
The base pressure the samples were exposed to inside the microscope
column was below 10−9 mbar at all times.

Computational Methods: First-principles calculations were performed
using the Vienna Ab Initio Package,[61,62] employing the same setup as in
the previous study[55] with optimized lattice parameters for pristine phos-
phorene samples of 3.30 Å (along ZZ) and 4.62 Å (along AC) for the mono-
layer and 3.30 Å (along ZZ) and 4.50 Å (along AC) for the bilayer, respec-
tively. For dynamic studies, the high dimensional neural network potential
(HDNNP) was utilized.[63] This potential was successfully employed for
simulating the diffusion of monovacancies and coalescence of monova-
cancies in phosphorene in the previous work.[55] Given that the current
study deals with a similar problem, the same set of descriptors was em-
ployed, consisting of 50 symmetry functions, which characterize the local
chemical environment of phosphorene up to a cutoff distance of 7 Å. The
neural network architecture consists of two hidden layers, each with 40
nodes, utilizing the softplus activation function.

To discover the recombination mechanism, an active learning strategy
called query by committee was employed[64] and the neural network poten-
tial was iteratively improved. This strategy has been proven effective in cre-
ating training sets for machine learning potentials,[65–68] including those
for phosphorene.[55] The approach involves training several HDNNPs with
different training/validation splits and initial conditions. During molecu-
lar dynamics (MD) simulation, the energy and force predictions of these
committee members are monitored to identify configurations where pre-
dictions disagree. When the committee disagreement exceeds a predeter-
mined threshold, MD simulation accelerated by HDNNPs were stopped
and continued with ab initio MD, generating new configurations that were
incorporated into the training set. The neural networks were then retrained
on this enlarged dataset, and the MD simulation was resumed until the de-
sired level of accuracy was achieved. The committee of 8 HDNNPs repro-
duces the energies and forces of the training set with a root mean squared
error (RMSE) of 0.7 meV per atom and 51.3 meVÅ−1, respectively. The ref-
erence data, comprising 4904 configurations, and the trained models are
publicly available on Zenodo.[69]

The HDNNPs used in this work were constructed and trained with
the n2p2 package.[70] All HDNNP-MD simulations were conducted
using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).[71] We employed the microcanonical ensemble (NVE) and the
velocity Verlet integrator with a time step of 1 fs.

STEM image simulations were performed using abTEM[72] and struc-
ture models shown in the figures were created with VESTA.[73]

Data Analysis: Data was analyzed manually by identifying the different
vacancy and adatom sites within each frame of each image series individ-
ually. Similar to Ref. [23], the uncertainty for this process will result in an
increased uncertainty of the cross sections calculated with those data. This
was taken into account by increasing the uncertainty obtained by fitting the
distribution of defects to Poisson statistics by a factor of 2.5. Other uncer-
tainties were deemed insignificant compared to this. To not skew the distri-
bution of created defects by the simultaneously occurring recombination
processes, image series were cut off when recombination was observed,
while diffusion of defects in between frames was assumed when the num-
ber of defects in subsequent frames was identical, but not their positions.

For the estimation of the sublayer cross sections, defects in each image se-
ries were sorted according to their occurrence in the two different planes.
The experimental data is publicly available on phaidra. [74]

Acknowledgements
The authors acknowledge funding from the Austrian Science Fund
(FWF) through projects [10.55776/DOC85, 10.55776/DOC142 and
10.55776/P35318] as well as from the Vienna Doctoral School in Physics.
The computational results presented was achieved in part using the Vi-
enna Scientific Cluster (VSC).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The experimental data supporting these findings are openly available in
phaidra at https://phaidra.univie.ac.at/o:2093678, The training data for
the HDNNP is openly available on zenodo at https://doi.org/10.5281/
zenodo.13342716.

Keywords
2D materials; defects; density-functional theory; high-dimensional neu-
ral network potentials, phosphorene, scanning transmission electron
microscopy

Received: September 30, 2024
Revised: November 8, 2024

Published online:

[1] Z. Lin, C. Wang, Y. Chai, Small 2020, 16, 2003319.
[2] M. Cheng, J. Yang, X. Li, H. Li, R. Du, J. Shi, J. He, Front. Phys. 2022,

17, 63601.
[3] L. Kou, C. Chen, S. C. Smith, J. Phys. Chem. Lett. 2015, 6, 2794.
[4] C. E. Housecroft, A. G. Sharpe, Inorganic Chemistry (2nd Edition),

Pearson Education, 2 edition, 2004.
[5] F. Xia, H. Wang, Y. Jia, Nat. Commun. 2014, 5, 4458.
[6] X. Ling, H. Wang, S. Huang, F. Xia, M. S. Dresselhaus, PNAS 2015,

112, 4523.
[7] A. Carvalho, M. Wang, X. Zhu, A. S. Rodin, H. Su, A. H. Castro Neto,

Nat. Rev. Mater. 2016, 1, 1.
[8] D. Wan, H. Huang, Z. Wang, X. Liu, L. Liao, Nanoscale 2020, 12,

20089.
[9] L. Li, J. Kim, C. Jin, G. J. Ye, D. Y. Qiu, F. H. da Jornada, Z. Shi, L. Chen,

Z. Zhang, F. Yang, K. Watanabe, T. Taniguchi, W. Ren, S. G. Louie, X.
H. Chen, Y. Zhang, F. Wang, Nat. Nanotechnol. 2017, 12, 21.

[10] Q. Wei, X. Peng, Appl. Phys. Lett. 2014, 104, 251915.
[11] X. Wang, A. M. Jones, K. L. Seyler, V. Tran, Y. Jia, H. Zhao, H. Wang,

L. Yang, X. Xu, F. Xia, Nat. Nanotechnol. 2015, 10, 517.
[12] J. Wu, N. Mao, L. Xie, H. Xu, J. Zhang, Angew. Chem., Int. Ed. 2015,

54, 2366.
[13] J. Qiao, X. Kong, Z.-X. Hu, F. Yang, W. Ji, Nat. Commun. 2014, 5, 4475.
[14] T. Low, A. S. Rodin, A. Carvalho, Y. Jiang, H. Wang, F. Xia, A. H. Castro

Neto, Phys. Rev. B 2014, 90, 075434.
[15] J.-W. Jiang, H. S. Park, Nat. Commun. 2014, 5, 4727.
[16] V. Tran, R. Soklaski, Y. Liang, L. Yang, Phys. Rev. B 2014, 89, 235319.

Adv. Mater. Interfaces 2024, 2400784 2400784 (8 of 9) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400784 by T
echnische U

niversitaet W
ien, W

iley O
nline L

ibrary on [22/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de
https://phaidra.univie.ac.at/o:2093678
https://doi.org/10.5281/zenodo.13342716
https://doi.org/10.5281/zenodo.13342716


www.advancedsciencenews.com www.advmatinterfaces.de

[17] R. Fei, A. Faghaninia, R. Soklaski, J.-A. Yan, C. Lo, L. Yang, Nano Lett.
2014, 14, 6393.

[18] G. Qin, M. Hu, Small 2018, 14, 1702465.
[19] J. Pei, X. Gai, J. Yang, X. Wang, Z. Yu, D.-Y. Choi, B. Luther-Davies, Y.

Lu, Nat. Commun. 2016, 7, 10450.
[20] S. Kuriakose, T. Ahmed, S. Balendhran, V. Bansal, S. Sriram, M.

Bhaskaran, S. Walia, 2D Mater. 2018, 5, 032001.
[21] V. Vierimaa, A. V. Krasheninnikov, H.-P. Komsa, Nanoscale 2016, 8,

7949.
[22] S. Kretschmer, T. Lehnert, U. Kaiser, A. V. Krasheninnikov, Nano Lett.

2020, 20, 2865.
[23] C. Speckmann, J. Lang, J. Madsen, M. R. A. Monazam, G. Zagler, G.

T. Leuthner, N. McEvoy, C. Mangler, T. Susi, J. Kotakoski, Phys. Rev. B
2023, 107, 094112.

[24] T. A. Bui, G. T. Leuthner, J. Madsen, M. R. A. Monazam, A. I. Chirita,
A. Postl, C. Mangler, J. Kotakoski, T. Susi, Small 2023, 19, 2301926.

[25] P. Srivastava, K. P. S. S. Hembram, H. Mizuseki, K.-R. Lee, S. S. Han,
S. Kim, J. Phys. Chem. C 2015, 119, 6530.

[26] T. Hu, J. Dong, Nanotechnology 2015, 26, 065705.
[27] Y. Liu, F. Xu, Z. Zhang, E. S. Penev, B. I. Yakobson, Nano Lett. 2014,

14, 6782.
[28] J. Gaberle, A. L. Shluger, Nanoscale 2018, 10, 19536.
[29] K. L. Kuntz, R. A. Wells, J. Hu, T. Yang, B. Dong, H. Guo, A. H.

Woomer, D. L. Druffel, A. Alabanza, D. Tománek, S. C. Warren, ACS
Appl. Mater. Interfaces 2017, 9, 9126.

[30] Y. Chen, X. Shi, M. Li, Y. Liu, H. Xiao, X. Chen, Phys. Chem. Chem.
Phys. 2018, 20, 21832.

[31] C. D. Zhang, J. C. Lian, W. Yi, Y. H. Jiang, L. W. Liu, H. Hu, W. D.
Xiao, S. X. Du, L. L. Sun, H. J. Gao, J. Phys. Chem. C 2009, 113,
18823.

[32] B. Kiraly, N. Hauptmann, A. N. Rudenko, M. I. Katsnelson, A. A.
Khajetoorians, Nano Lett. 2017, 17, 3607.

[33] J. V. Riffle, C. Flynn, B. St. Laurent, C. A. Ayotte, C. A. Caputo, S. M.
Hollen, J. Appl. Phys. 2018, 123, 044301.

[34] H. Fang, A. Gallardo, D. Dulal, Z. Qiu, J. Su, M. Telychko, H.
Mahalingam, P. Lyu, Y. Han, Y. Zheng, Y. Cai, A. Rodin, P. Jelínek, J.
Lu, Phys. Rev. Lett. 2022, 128, 176801.

[35] Z. Qiu, H. Fang, A. Carvalho, A. S. Rodin, Y. Liu, S. J. R. Tan, M.
Telychko, P. Lv, J. Su, Y. Wang, A. H. Castro Neto, J. Lu, Nano Lett.
2017, 17, 6935.

[36] M. Wentink, J. Gaberle, M. Aghajanian, A. A. Mostofi, N. J. Curson, J.
Lischner, S. R. Schofield, A. L. Shluger, A. J. Kenyon, J. Phys. Chem. C
2021, 125, 22883.

[37] R. Harsh, S. Mondal, D. Sharma, M. Bouatou, C. Chacon, M. Ilyn, C.
Rogero, V. Repain, A. Bellec, Y. Girard, S. Rousset, R. Sankar, W. W.
Pai, S. Narasimhan, J. Lagoute, J. Phys. Chem. Lett. 2022.

[38] Y. Lee, J.-Y. Yoon, D. Scullion, J. Jang, E. J. G. Santos, H. Y. Jeong, K.
Kim, J. Phys. D: Appl. Phys. 2017, 50, 084003.

[39] F. Yao, Y. Cai, Z. Xiao, G. Zhang, R.-J. Xie, C. Jin, 2D Mater. 2020, 8,
025004.

[40] Y. Lee, S. Lee, J.-Y. Yoon, J. Cheon, H. Y. Jeong, K. Kim, Nano Lett.
2020, 20, 559.

[41] S. Lee, Y. Lee, L. P. Ding, K. Lee, F. Ding, K. Kim, ACS Nano 2022, 16,
12822.

[42] A. Rabiei Baboukani, S. M. Aghaei, I. Khakpour, V. Drozd, A. Aasi, C.
Wang, Surf. Sci. 2022, 720, 122052.

[43] Z. Li, Y. Wang, A. Kozbial, G. Shenoy, F. Zhou, R. McGinley, P. Ireland,
B. Morganstein, A. Kunkel, S. P. Surwade, L. Li, H. Liu, Nat. Mater.
2013, 12, 925.

[44] H. Inani, K. Mustonen, A. Markevich, E.-X. Ding, M. Tripathi, A.
Hussain, C. Mangler, E. I. Kauppinen, T. Susi, J. Kotakoski, J. Phys.
Chem. C 2019, 123, 13136.

[45] A. Pálinkás, G. Kálvin, P. Vancsó, K. Kandrai, M. Szendrő, G. Németh,
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