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ARTICLE INFO ABSTRACT

Keywords: Tetravacancies in monolayer hexagonal boron nitride (hBN) with consistent edge termination (boron or
2D hBN nitrogen) form triangular nanopores with electrostatic potentials that can be leveraged for applications such as
Defect engineering selective ion transport and neuromorphic computing. In order to quantitatively predict the properties of these
g;g;{pores structures, an atomic-level understanding of their local electronic and chemical environments is required. More-
EELS over, robust methods for their precision manufacture are needed. Here we use electron irradiation in a scanning
Ptychography transmission electron microscope (STEM) at a high dose rate to drive the formation of boron-terminated

tetravacancies in monolayer hBN. Characterization of the defects is achieved using aberration-corrected STEM,
monochromated electron energy-loss spectroscopy (EELS), and electron ptychography. Z-contrast in STEM
and chemical fingerprinting by core-loss EELS enable identification of the edge terminations, while electron
ptychography gives insight into structural relaxation of the tetravacancies and provides evidence of enhanced

electron density around the defect perimeters indicative of bonding effects.

1. Introduction

With the advent of low-voltage aberration-corrected scanning/
transmission electron microscopy (S/TEM), atomic-resolution imaging
of the delicate monolayers of 2D materials has become possible [1,2].
However, it was soon discovered that significant re-arrangement and
removal of atoms from the lattice can still occur [3], even at beam
energies well below elastic knock-on thresholds, due to inelastic elec-
tron scattering effects such as radiolysis [4]. Although sample damage
during imaging typically needs to be minimized, there is also interest
in leveraging this damage in a controlled way for defect engineering
on the single atom level [5-9].

The first high-resolution studies of electron-irradiation-induced
atomic rearrangements in a 2D material focused on graphene, reporting
the formation of holes with the so-called zigzag and armchair edges [3].
Soon after, experiments with 2D hexagonal boron nitride (hBN) were
conducted, demonstrating the formation of perfect triangular-shaped

multi-atom vacancy defects under the electron beam [10-12]. The
regular geometric shape is due to preferential ejection of one atomic
species over the other, which drives the expanding defect to follow the
triangular sublattice of either element.

While initial reports of triangular vacancy defect growth in 2D
hBN determined preferential boron atom ejection (creating nitrogen-
terminated defects) [10,12,13], other studies have reported preferential
nitrogen atom ejection [14], or even, no particular atomic preference
at all [15-18]. The key parameters affecting the energetics of the defect
expansion process are beam energy, sample temperature, electron dose
rate, and the presence (or lack) of residual species in the vacuum.
Clearly, these factors need to be thoroughly understood in order for
precision engineering of defects in the electron microscope to become
a predictable and reliable enterprise.

Tetravacancies in 2D hBN with consistent edge termination (lined
with either boron or nitrogen atoms) are of particular interest in mem-
brane applications that leverage the electrostatic potential inside such
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pores. These applications include selective filtration via mechanosen-
sitive ion transport [19] and neuromorphic computing via memristive
response [20]. In order to quantitatively predict the behavior of the
nanopores, their atomic, electronic and chemical structure need to be
precisely known. Here, advanced electron microscopy can lead the way,
using aberration-corrected STEM at low-kV for defect identification at
the single atom level [21], high energy-resolution electron energy-loss
spectroscopy (EELS) to probe the electronic and chemical structure
of the defects [22-25], and electron ptychography for dose-efficient
mapping of atom positions and properties with deep sub-Angstrém
resolution by quantitative phase retrieval of the electron exit wave [26,
271.

In this work, we employ aberration-corrected STEM, monochro-
mated EELS and electron ptychography to fabricate and analyze va-
cancy defect structures in hBN monolayers. All experiments are per-
formed in UHV at 60kV with the samples held at room temperature.
When scanning at high dose rates, we find that boron-terminated
tetravacancies are preferentially formed. The defect edge terminations
are first determined based on Z-contrast in high angle annular dark-
field (HAADF) STEM images, and also using chemical fingerprinting via
monochromated STEM-EELS of the boron K-edge. Atom maps obtained
by electron ptychography reveal distortions around the defect edges
indicative of structural stabilization, although artifacts from sample
charging during the scans must also be considered. The ptychographic
reconstructions also show enhanced phase shifts around the defect
perimeters, the potential origins of which are discussed.

2. Experimental
2.1. Preparation of hBN monolayers

Monolayer hBN, grown by chemical vapor deposition on copper
(Grolltex Inc.), was transferred onto custom holey silicon nitride (SiN,)
TEM grids using a wet transfer electrochemical delamination
method [28]. For this, small sections of the hBN on copper were cut out
and spin-coated with 11% polymethyl methacrylate (PMMA) in anisole.
The copper/hBN/PMMA films were then clipped to the anode of a
two electrode system with NaCl/water electrolyte and a glassy carbon
cathode. A 5V bias was applied to generate hydrogen bubbles at the
anode, which gently removes the hBN/PMMA layer from the copper.
The hBN/PMMA film was washed several times in deionized water and
transferred onto the custom SiN, TEM grids. Finally, the PMMA was
removed with an acetone drip.

In the experiments described here, we worked with both “pris-
tine” regions of the hBN (native defects only) and regions that had
been irradiated with helium ions to create higher densities of single
atom vacancy defect seeds for subsequent expansion upon electron
irradiation in STEM. The ion irradiation was performed site selectively
using a Zeiss ORION NanoFab multibeam He-Ne-Ga focused ion beam
microscope, using the helium ion beam in a low-dose raster [28,29].
A typical irradiation dose was 10ions/nm? and the helium ion beam
energy was set to 25keV. The ion-irradiated samples were also air-
annealed to remove additional hydrocarbon surface contamination that
formed on those specimens and to promote the growth of larger defect
structures, as described in our previous study [28].

2.2. HAADF-STEM and monochromated STEM-EELS

Electron microscopy was performed using a Nion UltraSTEM 100MC
“Hermes” aberration-corrected microscope operated at 60kV using a
convergence semi-angle of 31mrad, corresponding to ~1A electron
probe diameter. The vacuum at the sample ranged from ~1.2x 10~ Torr
to 7.8x 10719 Torr, depending on the time that had elapsed after sample
insertion (this variation is unlikely to result in significant differences
in the partial pressures of molecules contributing to chemical etching).
All experiments were performed at room temperature. Defect growth
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was observed both during lower dose rate survey imaging and in the
higher dose rate EELS (and later ptychography) acquisitions.

For the lower magnification HAADF-STEM survey imaging, typical
parameters were a beam current of 6 pA, pixel dwell time of 240 ps, and
scan spacing of 0.02nm. A typical scan size was 512 x 512 pixels (field
of view 10.24 nm), giving a time-averaged dose rate of 3.6x 107 e/nm? /s
(calculated from the beam current divided by the scan area). The
corresponding accumulated dose was 2.3 x 107 ¢/nm?.

Most high magnification HAADF-STEM scans were acquired using a
beam current of 6pA, pixel dwell time of 4.9 ms, and scan spacing of
0.03 nm, for a series of five or more frames (see Fig. S1). The typical
scan size was 50 x 50 pixels (field of view 1.5nm), giving a time-
averaged dose rate of 1.7 x 107 e/nm?/s. The corresponding total dose
for a single frame was 2.0x 10® e/nm?. Image series with minimal defect
movement between frames were identified, manually drift corrected
using DigitalMicrograph® software, and finally averaged using custom
Python code to increase the signal-to-noise ratio in the final image.

In parallel with the high magnification HAADF-STEM acquisitions,
an EEL spectrum was collected for every pixel in the scan using the Nion
IRIS spectrometer equipped with a Dectris ELA hybrid-pixel detector.
The beam current used for the EELS results shown in this paper was
30pA, corresponding to a time-averaged dose rate of 1.1 x 10%e/nm? /s
for a 41 x 45 pixel scan. A collection angle of 44 mrad was used and
the energy dispersion was 0.1 eV /channel. Here, we focus primarily on
the boron K-edge.

The STEM-EELS data were analyzed using the open-source Hyper—
Spy package [30] and custom Python code. This involved spatial drift
correction of the frames in the spectrum image using the accompanying
HAADF series, image and spectrum averaging, spatial binning, spec-
trum smoothing with a total variation function, and then non-negative
matrix factorization (NNMF) using the Scipy package [31] to identify
and map spectral features in the vicinity of the onset of the boron
K-edge. NNMF score images were used to generate boolean masks,
which allowed for spatial separation of features for spectral plotting
(see Fig. S2). The final spectra presented here have been normalized to
the o* peak of the boron K-edge (full spectral range shown in Fig. S3).
All spectra were shifted in the energy axis to align with the energy-
loss value of the B-N z* peak obtained in [29]. Further boron K-edge
spectra are shown in Fig. S4 and a nitrogen K-edge spectrum is shown
in Fig. S5. Shifts in the energy axis did occur over the span of several
hours, so the calibrations are never absolute, but internally all efforts
are made to ensure spectra are comparable across datasets.

2.3. Electron ptychography

Data collection for the ptychography was also performed using the
Nion UltraSTEM microscope operated at 60kV with a probe conver-
gence angle of 31 mrad. The detector used was a sCMOS Ronchigram
camera (Hamamatsu Orca v2). Using a probe defocus value of 13 nm,
4D-STEM data were collected for every probe position in the scan, i.e. a
diffraction pattern with reciprocal space co-ordinates (k,, k,) for every
spatial position with real space co-ordinates (x, y). The beam current
was 30 pA, pixel dwell time 5 ms, scan spacing 0.047 nm, and scan size
128 x 128 pixels (field of view of ~6nm). The time-averaged dose
rate was thus 5.2 x 10°e/nm?/s. The region was scanned several times
before the final acquisition, giving a total dose received by the area of
~2.5%10° e/nm?.

The ptychographic reconstruction was performed in the open-source
package py4DSTEM [32,33]. We used a single slice stochastic gradient
descent algorithm with a batch size of 4096 probe positions. The final
complex object reconstruction used 100 iterations of step size 0.1 with
probe position refinement. A high-pass Butterworth filter was applied
to the final object. The full reconstruction is shown in Fig. S6.

The best-fit atomic positions were determined using custom Mat-
lab code. First, we estimated the approximate atomic positions from
local intensity maxima. Next, we refined the positions by fitting a
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Fig. 1. (a) HAADF-STEM survey showing vacancy defects in hBN after scanning at low dose rate. A number of defects are circled to indicate those with
predominantly nitrogen termination (blue), boron termination (orange), and mixed edge termination (pink). (b—c) High magnification HAADF-STEM images
of a monovacancy and a tetravacancy, respectively, acquired at high dose rate with edge atom models overlaid. These defects are boron terminated. The atom

models shown here give approximate atom locations only.

Gaussian distribution using nonlinear least squares. Finally, we refined
the positions by fitting a Gaussian distribution after subtracting the
current estimated intensity from all neighboring peaks. This last step
was performed iteratively until convergence. In the reconstruction, the
mean B-B distance corresponding to the bulk lattice was measured to
be (2.65 + 0.10)A. Figure S6 shows the control region used for this
measurement. Given the literature value of 2.51 A [34], the atomic
positions in the reconstruction were scaled accordingly, from which all
subsequent bond length measurements were then made.

3. Results and discussion

3.1. Vacancy defects created upon scanning at low dose rate vs. high dose
rate

Fig. 1 shows HAADF-STEM images of a monolayer of hBN that had
been pre-treated, as described in the methods, to produce a distribution
of single-atom vacancies and larger vacancy defects for subsequent
manipulation and analysis in STEM. In low dose rate scans, defects with
different edge terminations were observed, as seen in Fig. 1(a). Most of
these defects were small (< 24 atom vacancies) and include triangular
defects with either nitrogen or boron atom termination, as well as
hexagonal defects, which inherently feature alternating boron- and
nitrogen-terminated edges. Edge termination was assigned based on
Z-contrast, with nitrogen atoms appearing brighter than boron atoms.
This contrast was used to identify the triangular nitrogen and boron
atom sublattices, from which the edge termination of the geometric
defects could be determined. Nitrogen- vs. boron-terminated triangular
defects point in opposite directions.

Even though the imaging dose rates and total doses used for the sur-
vey images were relatively low (~10° e/nm?/s and ~107 e/nm?, respec-
tively), defect growth and movement between frames was observed.
This illustrates the challenge of non-invasive imaging defects in beam-
sensitive materials, while also demonstrating the capability to use the
electron beam for intentional atom manipulation. In particular the
larger defects are more unstable and thus expand more quickly, such as
the larger defect highlighted on the left hand side of Fig. 1(a). This de-
fect is essentially a nitrogen-terminated triangle with truncated corners
terminated with boron. Overall we infer a preference for nitrogen-
terminated growth in the low-dose scans, although we note that defects
with no obvious geometric preference also formed.

In higher dose rate scans (~107 e/nm?/s), boron-terminated de-
fects were predominantly observed. Examples are given in the HAADF
images of Figs. 1(b) and (c), which show a boron-terminated mono-
vacancy and tetravacancy, respectively. While the monovacancy may
have already been present, the tetravacancy formed upon the high dose

rate scanning. Out of 62 high dose rate scans in which defect edge
termination could be clearly identified (each scan comprising multiple
frames), 44 scans had at least one frame with a boron-terminated
defect, while only 16 scans had at least one frame with a nitrogen-
terminated defect. We note that identification of stable defect states
was often challenging, since defects were typically very mobile during
scanning, growing and/or changing shape from one frame to the next
(see Fig. S1). However, in several scans taken at dose rates as high as
108 ¢/nm? /s, even greater preference for boron vs. nitrogen termination
was indicated.

Our results thus reveal a preference for nitrogen atom ejection at the
higher dose rates, resulting in the boron-terminated defects observed.
Of these, the tetravacancies were the most stable during the high dose
rate scans. Interestingly, in subsequent survey imaging at the lower
dose rates, some of these boron-terminated tetravacancies appeared to
have reconfigured, or may have been filled with carbon atoms [35].
This could have occurred when the beam was blanked, or during the
low dose rate scanning. Such reconfiguration supports the conclusion
that different damage mechanisms and kinetics are at play depending
on the imaging conditions.

3.2. Probing boron-terminated tetravacancies using core-loss STEM-EELS

STEM-EELS core-loss spectrum imaging was used to probe the de-
fects, as shown in Fig. 2. Since these were also high dose rate acqui-
sitions (taken in parallel with the high-magnification HAADF images
discussed above), boron-termination was prevalent. Fig. 2(a) shows
boron K-edge EELS results for a boron-terminated tetravacancy, fo-
cusing on the z* region of the spectrum. The corresponding HAADF
image is shown in Fig. 2(b). A distinct pre-peak feature associated
with the boron-terminated defect is found (marked with the dashed
red line). This feature has been identified previously and analyzed in
more detail by Cretu et al. [14] and Gao et al. [36]. Here, we use
NNMF to identify the pre-peak in our dataset and to determine its
spatial distribution. The resulting score map is shown in Fig. 2(c). The
bright green pixels indicate the presence of the pre-peak, which maps
to the defect perimeter. This map was then used to create a mask to
generate the “defect” and “bulk monolayer” spectra shown in Fig. 2(a).
More detail on the NNMF analysis can be found in Fig. S2, with further
examples of the boron K-edge pre-peak from other datasets shown in
Fig. S4.

The pre-peak in the boron K-edge spectrum is essentially a chemical
shift of the bulk z* peak due to the dangling bonds on the undercoor-
dinated boron atoms, serving as a fingerprint for the boron-terminated
tetravacancy [14,36]. Thus, both Z-contrast in HAADF-STEM and the
pre-peak in the boron K-edge EELS can be used to determine the edge
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Fig. 2. (a) Boron K-edge EEL spectrum imaging of a boron-terminated tetrava-
cancy comparing the signal from the defect vs. the bulk monolayer, normalized
to the o* peak (see Fig. S3). The gray dashed line marks the energy of the z*
peak from the bulk monolayer while the red dashed line indicates the energy
at which a shifted pre-peak appears. (b) Corresponding HAADF-STEM image.
(c) Score map for the pre-peak feature obtained by NNMF decomposition of the
spectrum image. This map was used to create a mask to extract the individual
spectra shown in (a) (see Fig. S2).

termination of the defect. The fact that the non-shifted z* peak is
also detected at the defect site is due to signal delocalization from the
neighboring fully-coordinated boron atoms [37].

Since near-edge structure is mainly affected by bonding with nearest
neighbors, a distinct signature in the nitrogen K-edge is not expected
for boron-terminated tetravacancies, as all nitrogen atoms remain fully
coordinated. Any change in the nitrogen K-edge from second neigh-
bor sites would be extremely subtle and unlikely to be observed in
our experimental conditions due to the relative lack of stability of
the structure. Consistent with this expectation, no measurable change
in the nitrogen K-edge was detected (see Fig. S5). Conversely, for
nitrogen-terminated tetravacancies, one would anticipate the appear-
ance of a pre-peak in the nitrogen K-edge, with minimal change in
the boron K-edge [36,38]. However, because boron-terminated tetrava-
cancies predominated in our STEM-EELS measurements, a detailed
spectral analysis of the opposite termination was not feasible in the
present work.

3.3. Probing boron-terminated tetravacancies using electron ptychography

To further probe the structure and bonding of the boron-terminated
tetravacancies, we performed electron ptychography. Fig. 3(a) sum-
marizes the results, showing ptychographic reconstructions of three
separate tetravacancies with atom map overlays. The atomic coor-
dinates for the maps were determined using an iterative Gaussian
distribution fitting method, as described in the methods.

While one of the strengths of ptychography is its dose efficiency,
we purposefully used higher doses for our acquisitions. As discussed
previously, higher dose rates appear to drive the defect growth towards
boron termination. Indeed, all of the tetravacancies observed in the
ptychographic reconstructions are inferred to be boron terminated.
We note that the more uniform contrast around the defect perimeters
(discussed further below) introduces some ambiguity in atomic species
assignment, however, by referencing the surrounding bulk lattice and
by comparison with the high dose rate HAADF and EELS measurements,
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boron termination is strongly supported. The shape and edge compo-
sition of the tetravacancies is visualized more closely via the defect
models shown in Fig. 3(b).

Dashed lines in Fig. 3(b) mark the distances between the boron
atoms in the corner regions of the triangular tetravacancies. The av-
erage B-B distance from these measurements is (1.9 + O.I)A, which
is significantly shorter than the B-B distance in the pristine lattice of
2.5A. Similar contraction has been revealed by HAADF-STEM imag-
ing of boron-terminated tetravacancies elsewhere [15] and has been
attributed to direct bonding between the boron atoms in the corners
upon structural relaxation of the defect [15,39]. We note that lattice
distortion is also observed more broadly in the reconstruction, as shown
in Fig. S6 (full field of view, encompassing all three defects ana-
lyzed in Fig. 3). The observed distortion may be an artifact caused by
charging during the scan and could account for the more pronounced
deformation of Defect #2.

An intriguing feature revealed by the ptychography is enhanced
brightness around the defect perimeters. The enhancement is empha-
sized further in the colorized reconstruction images shown in Fig. S7
and is particularly marked for Defect #1, where the nine atoms form-
ing the ring-like structure (highlighted in the defect model) are the
brightest. Since Z-contrast in the HAADF-STEM surveys did not show
this effect, we rule out dopant species as the cause. In addition, since
both the boron and nitrogen atoms exhibit the increased brightness,
we conclude that the effect is not specific to a single atomic species. A
possible explanation may be that we are observing the effect of atom
movement due to instability at the open edges. However, it seems more
likely that we are in fact mapping charge redistribution due to bonding,
as recently investigated by electron ptychography of sulfur vacancies in
monolayer molybdenum disulfide [40]. The possibility to use electron
ptychography to map bonding around defects in low-Z 2D materials
such as hBN is a tantalizing prospect.

3.4. Contextual analysis of experimental parameters affecting defect growth
energetics

As mentioned in the Introduction, various experimental parameters
can influence the energetics of defect growth and hence steer the
final defect shape and edge termination. Table 1 illustrates this point,
comparing our observation of boron-atom termination under high dose
rate STEM exposure with trends reported in prior studies. The table is
organized according to defect shape: triangle, hexagon, parallelogram
and circular. Results from both STEM and TEM experiments are given.
In the STEM experiments, Z-contrast in HAADF means that boron
and nitrogen can be easily differentiated, making edge terminations
straightforward to assign. This is not the case in TEM mode, where
differences in phase contrast between the two elements are much
more subtle. Therefore, for the TEM experiments that report triangular
defects (shapes that have edges terminated entirely by boron or nitro-
gen atoms), only those cases are listed in which further analysis was
performed to determine the edge composition. The beam acceleration
potentials used tend to be low (usually <80kV) to avoid excessive
defect growth due to knock-on (elastic) collisions.

Most studies have reported triangular defects that are nitrogen ter-
minated, primarily in experiments performed at room temperature [10,
12-15], but also under cryogenic conditions and at elevated tempera-
tures up to 500 °C [15]. The majority of these studies were conducted
in TEM mode. However, in a particular set of TEM experiments per-
formed at 500°C, a fraction of the triangular defects tended towards
boron termination [14]. In the same work, the authors reported that
under STEM imaging at this temperature, exclusively boron-terminated
defects were formed. This marks a distinct shift from preferential boron
atom removal (i.e. nitrogen termination) at lower temperatures to
preferential nitrogen atom removal (boron termination) at the higher
temperature.
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Fig. 3. (a) Ptychographic reconstructions of boron-terminated tetravacancies in monolayer hBN with atom map overlays. (b) Positions of the boron and nitrogen
atoms around the defect edges as measured from the reconstructions. Dashed lines mark the B-B distances in the corner regions of the defects, measured in
Angstrém with a standard deviation of 0.1 A.

Table 1

Literature review of vacancy defect shapes and edge terminations induced by electron irradiation of monolayer hBN in TEM and
STEM for various operation parameters (beam voltage, sample temperature, dose rate, chamber vacuum level, etc.), including the
results of the present work. Most studies report nitrogen termination, with boron and mixed terminations emerging in experiments
performed at higher temperature or increased dose rate. Vacuum quality also appears to play a role. Other variables that could
have an influence but are not addressed here include sample charging and surface contamination.

Defect shape Edge termination Mode Voltage [kV] Temperature [°C] Additional parameters References
Triangle N (S)TEM* 60/80/120 RT [10,12-15]
Triangle N STEM 60 RT O, atmosphere [18]
Triangle N TEM 60 LN2 [15]
Triangle N TEM 30/60 400, 500 [15]
Triangle B STEM 60 RT Higher dose rate, UHV This work
Triangle B STEM 60/80 500 [14]
Hexagon Mixed TEM 80 RT Higher dose rate [17]
Hexagon Mixed TEM 30/60/80 700-1000, 1200 [15,16]
Parallelogram Mixed TEM 80 700-1000 [16]
Circular Mixed STEM 60 RT UHV® [18]
Circular Mixed TEM 60 800, 1000 [15]

a Z-contrast in STEM makes boron vs. nitrogen termination of the triangular defects straightforward to discern. This is not the case for TEM.
Therefore, only those TEM results where the triangle edge terminations were confirmed by more detailed analysis are listed here.
b UHV base pressure in the sample chamber was an order of magnitude lower in [18] compared to the present work.

Upon increasing the temperature even further, vacancy defects of
other shapes can form, namely hexagons [15,16], parallelograms [16],
and approximately circular shapes [15]. Since these shapes exhibit
alternating or mixed edge terminations, this suggests a regime where
there is no longer a strong preference for the ejection of one element
over the other. However, which of these non-triangular shapes is pro-
duced seems harder to predict, likely due to other varying parameters,
such as the particular beam energy used, local charging of the hBN,
residual species in the vacuum, and the electron dose rate.

In fact, in recent STEM experiments comparing room temperature
defect growth in UHV vs. oxygen atmosphere, it was found that circular
pores formed in UHV, whereas upon introducing oxygen, nitrogen-
terminated triangles were produced [18]. Initially this result appears
to be at odds with our own observation of triangular defects forming

in UHV STEM. However, the vacuum level reported in [18] is an
order of magnitude lower than ours, which could help account for the
difference. A change in the energetics of pore growth depending on
vacuum quality and partial pressure of oxygen has also been observed
for graphene [41]. And in another room temperature study on hBN, this
time in TEM mode, it was found that non-triangular defects, in this case
hexagons, could be grown by increasing the electron dose rate [17].
Therefore, even at room temperature, the energetics of pore growth
can be strongly influenced by other experimental parameters.

Placing the results of our study in the context of the existing liter-
ature, we thus propose that increasing the dose rate had an equivalent
effect on the defect growth process as increasing the temperature to
500°C did elsewhere [14]. That is, both increasing the dose rate and
increasing the temperature can drive a transition from preferential
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boron atom ejection to preferential nitrogen atom ejection, forming
boron-terminated tetravacancies. Since we were operating at 60kV, i.e.
below the elastic knock-on threshold for ejection of atoms from the
pristine lattice, damage due to inelastic effects will dominate [4]. In
the case of hBN, this can also include charging [15], which can be
expected to have a strong dependence on electron dose rate. Beam-
mediated processes that preferentially consume nitrogen, involving
chemical reactions with residual species in the vacuum or on the sample
surface, can also play a role [14].

4. Conclusions

We have investigated the effect of 60kV electron irradiation in
STEM at low vs. high dose rate on the growth of vacancy defects
in monolayer hBN. Over 60 datasets were analyzed to determine the
dominant defect shapes and edge terminations. In low dose rate survey
imaging, a mixture of triangular and hexagonal vacancy defect struc-
tures with varying edge termination was identified, whereas at higher
dose rates, boron-terminated triangular defects were most commonly
observed. Of the latter, boron-terminated tetravacancies were found
to be the most stable. All experiments were performed in UHV with
the samples held at room temperature. Contextualizing our findings
within the existing literature, we conclude that preferential nitro-
gen atom ejection at the higher dose rates drives the formation of
boron-terminated defects in a similar manner to increasing the sample
temperature. In addition to Z-contrast in HAADF-STEM, we confirmed
how near-edge structure in the boron K-edge can be used to assign
boron termination. Finally, using 4D-STEM electron ptychography we
detected a structural relaxation of the tetravacancies and revealed en-
hanced phase shift from the defect perimeters, likely hinting at charge
redistribution at the defect edges to be studied in future work.
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