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ABSTRACT: Black arsenic (BAs) is a van der Waals layered material : o
with a puckered honeycomb structure and has received increased O
interest due to its anisotropic properties and promising performance in :
devices. Here, crystalline structure, thickness-dependent dielectric
responses, and ambient stability of BAs nanosheets are investigated
using scanning transmission electron microscopy (STEM) imaging and
spectroscopy. Atomic-resolution high-angle annular dark-field
(HAADF)-STEM images directly visualize the three-dimensional
structure and evaluate the degree of anisotropy. STEM-electron energy
loss spectroscopy is used to measure the dielectric response of BAs as a
function of the number of layers. Finally, BAs degradation under
different ambient environments is studied, highlighting high sensitivity
to moisture in the air.
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tudy of two-dimensional (2D) materials has been one of utilize this 2D material and to maximize its performance, study
S the active fields in materials science in the past decade, of the fundamental physical and chemical properties, including

leading to advances in many research areas ranging from its stability, is essential. For instance, poor stability of BP at
synthesis and characterizations to discovery of unexpected ambient conditions gives a cautionary example for the
physical phenomena and applications. Among various 2D importance of this topic. In the case of BP, the ambient
materials, elemental black phosphorus (BP) occupies a degradation includes formation of a substance comprising
desirable position, with attractive properties such as strong phosphorus oxides (pxoy) and condensed H,O and collapse of
in-plane anisotropy, high carrier mobility, high sensitivity of the layered atomic structure, which considerably restricts the
band structure to number of layers, and tunability of the band practicality of using BP for optoelectronic devices.'"™""
gap spanning from near- to mid-infrared.' ™" Another recently Understanding and improving the ambient stability of BAs

discovered and promising elemental 2D material from
pnictogen is black arsenic (BAs) that has comparable
characteristics to BP.*~” Previous theoretical studies predicted
highly anisotropic and tunable electronic structures for BAs.””

will determine its practical utility as well as its limitations.
In this paper, a detailed analysis of structural and electronic
properties of exfoliated BAs using analytical scanning trans-

mission electron microscopy (STEM) is presented. Atomic-

From the experimental side, recently, Chen et al. showed the resolution high-angle annular dark-field (HAADF)-STEM
existence of extremely high in-plane anisotropy in electrical

and thermal transport properties, whereas Kandemir et al.
reported high mechanical and vibrational anisotropy in BAs.”’
Thickness-dependent changes in the properties of BAs have
also been explored. For example, Zhong et al. showed layer-
number-dependent changes in the electronic band structures of
BAs, allowing adjustable carrier transport for BAs-based
devices.

Even at this early stage, BAs has already shown favorable
properties and a potential to be one of the building block
materials for advanced optoelectronic devices.” To better

images from different crystalline orientations were acquired
and used to evaluate the degree of structural anisotropy of BAs.
It is also shown that, in the case of few-layer-thick BAs, plan-
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Figure 1. (a) Plan-view HAADF-STEM image of a BAs flake and EDX elemental maps obtained from a region of the flake (in yellow box)
that is suspended over the hole in a holey carbon support TEM grid. Ka emission signals of As, C, and O were used for these elemental
maps. (b) Cross-sectional HAADF-STEM images of a BAs flake deposited on Si/SiO, substrate at low (left) and high (right) magnifications.
(c) Experimental and simulated atomic-resolution HAADF-STEM images of BAs from five different crystallographic orientations. A
schematic on top illustrates the geometries of projection planes. Ball-and-stick atomic model of BAs for each orientation is shown on the

HAADF-STEM images. Scale bars are 2 A.

view atomic-resolution HAADF-STEM images can be used to
identify the exact number of layers in the nanosheet. In
addition, electron energy loss spectroscopy (EELS) was used
to measure the features of the electronic structures of a BAs
flake and changes in its dielectric response as a function of the
number of layers. Finally, the stability of exfoliated BAs flakes
has been examined under various ambient conditions, which
allowed identification of the key degradation-enhancing
parameters and suggested solutions for improving the long-
term stability.

RESULTS AND DISCUSSION

Atomic Structure and Anisotropy. A plan-view HAADF-
STEM image and energy-dispersive X-ray (EDX) elemental
maps of a BAs flake from a freshly prepared sample are shown
in Figure 1. Low-magnification HAADF-STEM images from
exfoliated flakes, as presented in Figure 1a, show the presence
of regions with different thicknesses—the brighter the HAADF
signal, the thicker the region—with relatively sharp step edges
between the regions. EDX elemental maps obtained from the
flake confirm chemical composition of the flake as nearly pure
As without detectable impurities (impurity level in these flakes
is less than 1 atom %; see Supporting Information (SI), Figure
S1). Cross-sectional HAADF-STEM images of a BAs flake in
low- and high-magnification were also obtained (Figure 1b),
showing overall quality of the flakes and van der Waals layered
crystalline lattice in the [101] direction. It should be noted that
some flakes have a planar defect composed of a few-atoms-
thick Pb, which is likely formed during synthesis of BAs
crystals (see SI Figure $2).>** All other experiments and
analysis, except for the one shown in SI Figure S2, were
performed using defect-free BAs flakes.
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To examine the crystalline structure of BAs and determine
the degree of anisotropy, atomic-resolution HAADF-STEM
images of bulk BAs were obtained from different orientations,
including three major crystallographic directions—armchair
[001], zigzag [100], and plan-view [010]—and in two
additional ones in minor directions ([110] and [101]). The
results are summarized in Figure lc (see SI Figure S3 for
details of image noise reduction). The experimental data were
compared with computed HAADF-STEM images simulated
using the TEMSIM code,”® which is based on the Multislice
method.* Good agreement between the two, as shown in
Figure 1c, confirms the assignments of the imaging directions
{major: [010] (®), [001] (®), and [100] (®); minor: [110]
(@) and [101] (®)}. The experimental HAADF-STEM images
were then utilized to evaluate the degree of anisotropy of BAs
compared to that of BP with a similar atomic structure. The
lattice constant ratios (c/a, b’'/a, and b'/c) were evaluated
using the Fourier transforms of images, about 15 X 15 nm” in
size, obtained in the three major axes (and tested using images
in two minor axes for self-consistency and reliability against
sample drift and scan noise) and compared to values for BP
found in the literature (see Table 1). The ratios calculated
using the theoretical lattice constants are also listed in Table 1
for comparison. The results, which are consistent with
theoretical predictions, show that these BAs flakes are
structurally highly anisotropic but with slightly lower (~5%)
in-plane anisotropy compared to that of BP.

Thickness Determination. The plan-view HAADF-STEM
images can be used to precisely measure the thickness of
atomically thin 2D materials as the image contrast has a direct
correlation with the number of atoms in a given atomic
column.”*** BAs has an AB stacking of layers where every
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Table 1. Lattice Constant Ratios for BAs and BP*

BAs (exp.) BAs (theor.) BP (exp.) BP (theor.)
c/a 1.24 + 0.04 1.264°* 1.311" 1.377**
1'166: 1'283: 1.355% 1.378%
1.225 1.259
b/ 139 £ 0.08 1.540” 163" 1.769%
1.439
1.523° 1.543% 1.668” 1.678%
b/c 1.27 + 0.06 1.219* 1.244" 1.285%
1.234°
1.243° 1.226° 1.231% 1.223%

“Experimental values for BAs from this work are shown bold; a and ¢
are in-plane lattice parameters in the zigzag and armchair directions,
and b’ is half of the out-of-plane lattice parameter b.

other layer is half-unit-cell shifted in the [100] direction from
the layer before, as illustrated in Figure 2a.'"*> When viewed
from the [010] direction, the lateral atomic position of the
alternating layers that are half unit-cell shifted in the [100]
direction can be seen. This configuration results in a distinct
contrast in plan-view HAADF-STEM images for the odd and
the even numbers of BAs layers.""** For the odd numbered
BAs layers, neighboring atomic column pairs (dumbbells)
along the plan-view direction contain a different number of
atoms, resulting in dissimilar intensities in a HAADF-STEM
image. The intensity difference between adjacent atomic
dumbbells is sensitive to the thickness of a BAs nanosheet
when the number of layers is relatively small. On the other
hand, in the case of even numbers of layers, the number of
atoms in every dumbbell is identical, resulting in the almost

same HAADF intensity for neighboring atomic columns (with
very minor differences due to beam channeling).”® The strong
layer dependence of the lattice contrast in HAADF-STEM
images, for odd numbers of layers, can be utilized to directly
measure the number of layers in the nanosheet. One such
analysis, based on HAADF intensity ratios, is presented in
Figure 2b—d, where the ratios from experimental images are
directly compared with those from simulations to determine
the number of layers in the edge region of a thin flake. It
should be noted that the thickness estimation using the
HAADEF intensity ratio method is practical only in thin BAs
nanosheets with less than about 15 layers (or <9 nm), as the
ratio saturates at the higher thicknesses (for more examples,
see SI Figure S4).

Dielectric Response and Electronic Structure. Low-
loss and core-level EELS from BAs flakes were measured and
analyzed to investigate the dielectric response and electronic
structure of BAs. First, bulk EELS were acquired from
relatively thick BAs samples (>40 nm). Low-loss EELS,
presented in Figure 3a, shows the bulk plasmon peak at E, =
18.6 eV and a series of features at energies below E, due to
interband transitions, Cherenkov radiation, and surface
plasmon excitations.”” ~*° Although characteristic peaks origi-
nating from the lower and upper branches of surface plasmons
in BAs are expected to be around 2 eV and 10—13 eV, as in
BP,'* they are not clearly identifiable here at this sample
thickness because of strong “overlap” with other excitations.
EELS measured using the higher-energy resolution further
reveals details of the fine structures in this lower energy loss
region (shown on the right). Three distinctly observed features
are grouped as a, a,, and a;. A shoulder on the right-hand-side
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Figure 2. Layer-dependent lattice contrast of plan-view HAADF-STEM images. (a) Atomic model of AB-stacked structure of BAs. A unit cell
is highlighted with the gray lines. Left: Projected views of one-layer-thick and two-layer-thick BAs in the [010] (plan-view) direction are
compared. Right: Two layers in a unit cell are illustrated in the [100] (cross-sectional view) direction, and the slightly tilted view on the right
illustrates the laterally shifted positions of atoms in every other layer. (b) HAADF-STEM image of an edge region of a BAs flake displaying
contrast variation due to the varying number of layers. The number of layers was estimated from selected regions. Scale bar is 1 nm. (c)
Comparison of experimental and simulated HAADF-STEM images at different layer numbers. Subregions were selected from the
experimental HAADF-STEM image in (b) (marked with boxes). Scale bars are 2 A. Line profiles were extracted from the region indicated
with red arrows, as shown in the top-left panel. The HAADF intensities between alternating sites (I, and I,) are indicated. (d) HAADF
intensity ratios, R = (I, — I)/(I, — I,), as a function of the number of layers. Intensity ratios from experimental images in different
subregions are overlaid on reference ratios obtained from simulated images shown in (c).
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Figure 3. Experimental EELS data obtained from exfoliated BAs flakes. (a) Low-loss EELS with indicated bulk plasmon peak (EP) and region
of surface plasmon (E,,) excitations. High-energy resolution EELS from the range of 1—11 eV (shaded region) was acquired and shown on
the right. The fine structures in the region are grouped and labeled as a;, a,, and a;. The positions of two peaks in a; are indicated. (b)
Measured core-loss EELS: As M, (left) and L, and L, ; (right) edges. Discernable peaks are labeled as b, and b, and ¢,—c,. (c) Thickness-
dependent low-loss EELS. (Left) Stacked EEL spectra that are vertically shifted for clarity and the artifact of measurement marked with
asterisk. The higher-energy resolution EELS obtained from the shaded energy range and shown on the right: stacked with vertical shifts

(top) and a few of them shown without any vertical shifts (bottom).

tail of the zero-loss peak (ZLP) is visible in region a,, which
could be attributed to the band gap and surface plasmons. The
band gap of bulk BAs is known to be ~0.3 eV, which is too
small to be resolved using the available resolution of 0.13 eV
and wide tails of the ZLP. Features a, and a;, including two
identifiable peaks at ~7.5 and ~8.8 eV, have the characteristics
of interband electronic transitions and Cherenkov radiations;
spectral shape does not vary in the thicker samples and scales

with the bulk plasmon peak.

Table 2. Peak Positions in Low-Loss and Core-Level EELS
Shown in Figure 3

EELS feature energy (eV)
low-loss a, 3.3
a, 43-6
a 7.5, 8.8
As My onset 41.5
b, 433
b, 424
As Ly, Ly onset 1323
o 1326
o 1344
o 1375
[ 1533

Core-loss EELS was also measured from BAs flakes, and the
results are displayed in Figure 3b. The As M, 5 edge with onset
at 41.5 eV is from excitation of 3d;/, and 3d;,, core electrons
to unoccupied p or f orbitals (selection rule: Al = +1) above
the Fermi level.”® The edge exhibits a combination of both
“sawtooth” and “delayed maximum” shapes, indicating that the
core electrons excite to the unfilled bound electronic states (4p
orbitals) near the conduction band minimum as well as
continuum states at the higher energies.’””' The As L, ; edge
with onset at 1323 eV exhibits a typical “delayed maximum”
edge from excitation of 2p core electrons to Ss and 4d orbitals.
Distinct fine structures (labeled as c;, c,, c;) are visible on top
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of strong tails of L, ; edges. The L, edge with a characteristic
“sawtooth” shape is also identifiable at 1533 eV (labeled as c,).
These features from measured core-level EELS are fingerprints
of the electronic band structure for bulk BAs, as they are
directly correlated with electronic density of states (DOS)
above the Fermi level.”"**

To investigate the dielectric response of BAs as a function of
the layer number in thin BAs flakes, additional low-loss EEL
spectra were acquired from the areas with different numbers of
layers. In Figure 3¢, a set of layer-dependent low-loss EELS,
going from 1 to 15 layers with one-layer steps, is presented.
The exact layer number determination discussed above was
used to evaluate the thickness of a particular area of the flake
used for EELS (for details see SI Figures SS and S6). It should
be noted that due to the long-range nature of the interactions
for these low-energy electronic excitations,*® some intermixing
between these spectra is expected. As the layer number
decreases from >S50 to below 20, the intensity of the bulk
plasmon peak drops, and the fine features at lower energy are
modified. When the thickness of a BAs nanosheet is about 15
layers thick, features due to surface plasmon excitations at
around 12—14 eV start to be visible. As the number of layers
decreases to nine and fewer, the features of surface plasmon
losses are dampened and modified because of coupling of
bottom and top surface plasmon oscillations and reshaping of
the surface plasmon dispersion behavior.”® Similar in nature,
changes in surface plasmon dispersion in a few-layer BP have
been reported.”>~*> Additional sets of spectra with higher-
energy resolution were also acquired in the energy-loss region
below 19 eV (Figure 3c, on the right) to better highlight the
changes discussed.

As the number of layers decreases to less than 6 layers,
features in the range of a, and a, emerge. This can be seen in
the bottom-right panel of Figure 3¢, where the measured EEL
spectra are displayed without vertical shifts, allowing direct
comparison of the intensities. The enhancement of the features
in a; and a,, below 6 eV, in such a thin BAs can originate from
(1) strong coupling of surface plasmon modes enhancing

https://dx.doi.org/10.1021/acsnano.0c01506
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Figure 4. Degradation of exfoliated BAs flakes under different environments. (a) HAADF-STEM images of BAs flakes showing degradation
over time. In the left-most column, the images show the initial state of the flakes along with conditions in which they were kept. The orange
box in the images shows EDX acquisition area. The region in the solid box is magnified and presented at different times on the right. In the
time-series images, the original shape of flakes is outlined with dashed lines. The regions in the green box were used to measure the HAADF
intensity. The initial thicknesses of the selected regions were between 15 and 20 nm. Scale bars are 50 nm. (b) Changes in HAADF intensity
with time: humid condition, blue; dry condition, red; dry vacuum condition, black; ambient condition, green. (c) Relative elemental
composition of BAs flakes as a function of time measured by EDX. Color code is the same as that in (b).

excitations or (2) changes in the electronic band structure
resulting in formation of high DOS near the conduction band
minimum that are activated by electronic interband transitions.
Recently, Zhong et al.® reported that, as the number of layers is
reduced, the band gap of BAs increases and carrier mobility
near the conduction band minimum decreases, which implies
that the onset of the low-loss region should be shifting to the
higher energy and the DOS near the conduction band
minimum should increase, making the second argument
plausible. These experimental results invite detailed ab initio
calculations of BAs dielectric function for different numbers of
layers to provide a full understanding of the origins of these
observed EELS fine structure changes at these low energies.
Ambient Stability. Stability of BAs under different
environments was also investigated. When an exfoliated BAs
flake is kept at ambient conditions, a considerable structural
destruction of the flake can be readily observed over a
relatively short time (in several days). An example of such
ambient degradation of a BAs flake is presented in SI Figure
S7. Characterization of the degraded BAs flake, carried out by
HAADF-STEM imaging and EDX elemental mapping, shows
removal of As and no accumulation of oxidized As compounds
(see SI Figure S7), which is different from the well-
documented ambient degradation of BP, where formation of
a:P,0, dominates.'™"? In contrast to the fast degradation of
BP showing formation of a:P,O, only in 40 h when exposed to
atmospheric air,'* BAs under similar conditions etches away in
about 30 days without changes in its crystal structure. The
removal of As during ambient degradation of the flakes
suggests that destruction of BAs involves chemical reactions
with atmospheric species that result in the formation of arsenic
compounds other than arsenic oxides (AsxOy), as arsenic
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oxides are solids at room temperature.”® H,O in the
atmosphere, on the other hand, can participate in the
degradation of BAs, leading to the formation of volatile
products such as arsenic hydride (arsine, AsH;(g)), arsenic
hydroxide (As(OH);), or arsenic acid (AsO(OH),(aq)).***’
Thus, the effect of H,O on the stability of BAs was studied by
analyzing BAs flakes kept in humid and dry air. To rule out the
photoinduced chemical reactions, the BAs flakes were kept in a
controlled dark environment between STEM experiments,
except during sample transfers into and from STEM, during
which the flakes were very briefly (~5 min) exposed to light
and regular ambient conditions.

In Figure 4a, a time series of HAADF-STEM images of the
BAs flakes are presented, showing distinct structural changes in
the flakes under different conditions (for more examples, see SI
Figure S8). For direct comparison, images of each time series
were normalized to the same intensity scale using HAADF
intensity of a supporting carbon film on a TEM grid as a
reference. When BAs flakes were in a humid environment
(humidity of ~98%), destruction of most regions occurs just in
2 days, indicating that moisture accelerates decomposition of
the flake. Interestingly, a small region of BAs that was not
completely degraded on day 2 had a flat surface and several
sharp boundaries along with eroded ones. On the other hand,
flakes kept in dry air (humidity of ~2.5%, or practically without
H,0) did not show an obvious change in HAADF-STEM
images, indicating that O, alone does not decompose BAs.

The thickness change of the BAs flakes due to degradation
was quantified using HAADF-STEM imaging. The average
HAADF intensity of a region on the flake, indicated by green
boxes in Figure 4a, was monitored with time, and the results
are presented in Figure 4b. As observed, the BAs flakes in
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Figure S. Analysis of degradation of exfoliated BAs flakes. (a) Elemental ratios (O/As and C/As) of BAs flakes in dry and dry vacuum
conditions with degradation quantified by EDX. (b) Convergent beam electron diffraction (CBED) patterns obtained from as-prepared (i),
dry-vacuum-conditioned (ii), and dry-conditioned BAs (iii). The intensities in CBED patterns are displayed in log-scale. The scale bars are 2
A" (c) Comparison of core-loss EELS acquired from as-prepared and stored in dry air for 60 days flakes. (d) HAADF-STEM images of a
small region of the BAs flake stored in humid environment for 2 days with a still mostly intact section. The edges and angles between them
are indicated. Scale bar is 100 nm. The inset shows the entire flake with original edges outlined. The scale bar is 500 nm. (e) Atomic model
of BAs illustrating {201}, blue, {101}, orange, and {102}, green, crystalline planes from the plan-view direction. A unit cell is shown by
dashed lines. (f) HAADF-STEM images of a BAs flake stored in humid conditions after being stored in dry air for 60 days. The original
shape of the flake is outlined with dashed lines. A still mostly intact section of the BAs flake left on day 1 is shown in the bottom panel, where
edges with identifiable lattice planes and angles are marked. The scale bar is 200 nm (top) and 100 nm (bottom).

humid air degrade over time, and it is with much faster rate
than at ambient conditions, whereas flakes kept in dry air
exhibit negligible changes in the HAADF-STEM image
intensity. The changes in chemical composition of BAs flakes
during degradation, in particular, oxygen content was
measured using EDX, are shown in Figure 4c. These EDX
data were acquired from regions with the same thickness in
each specimen highlighted with orange boxes in the low-
magnification HAADF-STEM images shown in Figure 4a. The
humid-conditioned BAs flake shows a systematic rapid increase
of oxygen percentage due to vanishing of As. In the case of a
dry-air-conditioned BAs flake, the relative amount of oxygen
also increases even though there is no reduction of thickness
(or As content) according to the HAADF intensity.

To further examine the role of oxygen on degradation, a set
of experiments was conducted on BAs flakes stored in dry
vacuum condition (humidity of ~0%, P &~ 107 Torr). The
results of these experiments are also presented in Figure 4 (for
more examples see, SI Figure S8). Interestingly, dry-vacuum-
conditioned BAs flakes degraded in the same manner as the
BAs at ambient conditions, but the amount of degradation is
very minor (see Figure 4a,b). The degradation observed here is
likely due to short exposures to ambient air when transferring,
loading, and unloading the sample into the microscope for
analysis. In these experiments, the total sample exposure to
ambient air was about the same as those in the other
experiments. Considering the identical sample preparation
procedure and similar ambient exposure of all samples, the
observation of no obvious visible degradation in dry-air-stored
samples indicates formation of a protection layer on BAs in dry
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atmosphere. To rule out the effects of often occurring carbon
contamination on dry-conditioned samples, the oxygen
content of the BAs flakes stored in dry and dry vacuum
conditions was assessed by analyzing elemental ratios of O/As
and C/As (Figure Sa). In the case of dry-air-conditioned BAs
flakes, oxygen content increases with time, whereas carbon
content stays unchanged. This suggests a formation of thin
As,O, layers on the sample surfaces under dry conditions,
which then acts as a protection layer during brief exposures of
the sample to ambient conditions before and after STEM
analysis. It should be noted that dry-air-conditioned flakes
typically have slightly higher contaminations. Interestingly, the
formation of a thin oxide layer on the surface of BP was also
reported.'>"?

To further understand the degradation of the structure,
convergent beam electron diffraction (CBED) patterns of the
flakes were also examined. Figure Sb shows CBED patterns
acquired from dry- and dry-vacuum-conditioned BAs flakes
after being stored for 60 days, which are compared with that
from a fresh BAs flake (the initial flake thicknesses were about
30 nm). The CBED pattern measured from a fresh BAs flake
shows clearly visible Kikuchi lines and the first-order Laue zone
ring, as would be expected from a nondegraded sample, in
good agreement with the simulated CBED pattern (see SI
Figure S9). For the dry-vacuum-conditioned BAs flake, the
pattern is slightly weaker compared to the fresh sample, which
would be consistent with the observed small thickness
reduction. On the other hand, the pattern from the dry-
conditioned BAs flake is hazy despite negligible thickness
reduction. This would be consistent with the presence of a thin
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amorphous As,O, layer and some carbon contamination on the
sample surfaces. Comparison of As M, s and As L, ; core edges
obtained from dry-conditioned and fresh BAs flakes (Figure
Sc) shows no obvious spectral changes in their fine structures,
again pointing out that thin a:As,O, should be present only on
the flake surfaces.

More insight into this water-enhanced degradation of the
BAs flakes at ambient conditions can be gained from
examination of the remaining sections of the flakes after a
few-day degradation at ambient and humid conditions.
HAADF-STEM images of remaining sections of BAs flakes
upon ambient exposure show nondirectional degradation of
the structure. The images of the small but still remaining
fragments of humid-conditioned flakes show sharp edges and
flat morphology, indicating directional (lateral) etching (see
Figure 5d). For additional input, we also placed a 60 day dry-
conditioned BAs flake into humid conditions (as in previous
experiments with fresh flakes) and studied its degradation. The
HAADF-STEM image of a remaining fragment is shown in
Figure 5f, where again rapid etching with sharp edges can be
seen similar to those observed for humid-conditioned flakes.
Thickness reduction of the remaining fragments from humid-
conditioned flakes with and without pre-dry-conditioning were
evaluated using HAADF-STEM imaging and compared. Much
slower thickness reduction from the top and bottom surfaces in
the pre-dry-conditioned sample was noticed, which can be
ascribed to the a:As,O, layer on the surfaces protecting the
flake surfaces from nondirectional degradation.

The crystallographic planes of edges in the remaining
fragment in the humid-conditioned flakes were identified. The
observed angle of 77° (or complementary 103°) between two
edges correspond to the angle between two crystalline planes
of {101} (Figure Se). Once these {101} planes are identified,
using them as references, the planes corresponding to other
edges can be also identified. The analysis of fragments
indicates that etching preferentially takes place along the
{101}, {201}, and {102} planes. Such directional etching is not
completely surprising, as anisotropic etchings have been
observed in other 2D materials including graphene,**!
boron nitride,*" and MoS,.*>*

The result presented and discussed above demonstrates that
both slower nondirectional degradation and rapid directional
etching of BAs nanosheets are facilitated by moisture in the air.
The water-enhanced degradation at ambient conditions
suggests a few possible mechanisms. In one case, BAs readily
reacts with oxygen molecules in the air, and the presence of
water molecules facilitates subsequent reactions and promotes
transformation of BAs into volatile arsenic compounds, such as
AsH;, As(OH),;, or AsO(OH),. It is also possible that BAs
directly reacts with H,O from edges and surface defect sites of
the flakes, and the presence of oxygen in the atmosphere
further enhances the reaction, promoting formation of volatile
arsenic compounds. Detailed ab initio calculation-based study
of the chemistry behind degradation of BAs is necessary to
fully understand the degradation mechanisms and the exact
role of each parameter.

CONCLUSIONS

In conclusion, 2D layered BAs was studied using STEM
imaging combined with EDX and EELS spectroscopy. Atomic-
resolution HAADF-STEM images acquired from five crystal-
line orientations confirmed the crystal structure and provided a
direct estimate of the structural anisotropy. It was also
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demonstrated that the lattice contrast in a plan-view
HAADF-STEM image can by utilized to determine the
number of layers in thin BAs nanosheets. The low-loss
EELS, which is direct measure of the dielectric response of the
material, were acquired from BAs nanosheets and shown to be
very sensitive to the number of layers in the nanosheet. As the
number of layers reduces below nine layers, the surface loss at
13—14 eV diminishes and a feature at energy below 6 eV
becomes dominant. The study of the stability of a BAs flake at
different ambient conditions showed that, at atmospheric
conditions, BAs nanosheets degrade nondirectionally and it is
highly sensitive to moisture in the air. At humid conditions,
BAs nanosheets additionally experience directional etching
along {101}, {201}, and {102} crystalline planes. BAs flakes
stored in dry air will form a thin oxide layer on the surfaces and
will be more resistant to nondirectional degradation. The
results presented here provide a guide for better utilizing the
electronic and dielectric properties of BAs nanosheets and for
improving their ambient stability. They will also play essential
roles in evaluation of the full potential of a-few-layer-thick BAs
for incorporation into optical and electronic devices.

METHODS

Sample Preparation. BAs crystals used in this study were
purchased from 2D Semiconductors Inc., which were synthesized by a
chemical vapor transport technique using an As precursor. Plan-view
TEM samples were prepared by mechanically exfoliating bulk BAs
using Scotch tape and then transferring them onto a polydimethylsi-
loxane (PDMS) stamp (Sylgard 184, Dow Corning Co.). The PDMS
with the flakes was then stamped onto a 100 nm SiO,/Si substrate
and then detached slowly leaving BAs flakes on the surface of the
substrate. Next, polymethylmethacrylate (PMMA) (950 ka.u. PMMA
C4, Microchem Co.) was spin-coated onto the substrate at 3000 rpm
for 60 s followed by a soft bake at 120 °C for 120 s. Then, SiO, was
etched away in the etching solution (buffer oxide etchant 10:1
(NH,F/HF)), leaving BAs/PMMA stacks floating over the etching
solution. The BAs/PMMA films were washed using deionized (DI)
water and transferred to a TEM grid. Finally, PMMA was washed off
from the grid using acetone and left to dry in air for 1-2 min. For
cross-sectional TEM samples, exfoliated BAs flakes on a SiO,/Si
substrate were sectioned using a focused ion beam (FIB) (FEI Helios
Nanolab G4 dual-beam FIB) with 30 kV Ga ions, which was further
thinned with a 2 kV Ga ion beam to reduce the surface-damaged
layer. Amorphous carbon and Pt were sequentially deposited on the
flake before the FIB cutting to prevent damage from ion and electron
beams of the FIB. Specimen thicknesses were estimated using the
EEL})% log-ratio method with the plasmon mean-free path of 4, = 80.6
nm.”

STEM Characterization. STEM experiments were performed
using aberration-corrected FEI Titan G2 60-300 (S)TEM operated at
200 keV beam energy. The microscope was equipped with a CEOS
DCOR probe corrector, super-X energy-dispersive X-ray spectrom-
eter, and a Gatan Enfinium ER EEL spectrometer. HAADF-STEM
imaging and EDX elemental mapping were carried out using a beam
current of ~30 pA and probe convergence angle of 17.2 mrad. ADF
detector inner and outer angles for HAADF-STEM imaging were S5
and 200 mrad, correspondingly. STEM-EELS experiments were
carried out using a monochromated STEM beam with a beam current
of ~25 pA and probe convergence angle of 19 mrad. The EELS
detector acceptance angle was 29 mrad, and the energy resolution was
0.13, 0.25, and 1.00 eV for energy dispersion of 0.01, 0.0S, and 0.25
eV/channel, respectively. Energy resolution was determined from
fwhm of the zero-loss peak. Very brief Ar plasma cleaning of
specimens was carried out (for less than 7 s) before each experiment.
No visible sample damage due to the electron beam exposure was
observed under these STEM operational conditions.
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Degradation Experiments. Degradation experiments were
conducted using three as-prepared plan-view samples. To prevent
any photoinduced degradation, all samples were placed inside a light-
tight box. The humid-air-conditioned and dry-air-conditioned samples
were stored under at ambient pressure of 760 Torr and temperature
of 20 + 0.2 °C. Humidity level was controlled by locating DI water
and desiccants (calcium sulfate purchased from Sigma-Aldrich, WA,
USA) placed alongside each sample in a closed-glass chamber (no
direct contact with the specimens). Humidity and temperature of the
closed-glass chamber were continuously measured (at minute
intervals), with relative humidity maintained at 96—100% and 0.6—
5% for humid and dry conditions, respectively. As the vapor pressure
of water at 20 °C is 17.5 Torr, the partial pressure of H,O is estimated
to be ~17.15 and ~0.44 Torr for humid- and dry-conditioned
samples, respectively, and partial pressure of oxygen is estimated to be
~160 Torr (atmospheric condition) for both cases. Handling time for
loading samples into the STEM chamber and for unloading was
limited to be ~5 min to minimize exposure to light and ambient air.
The dry-vacuum-conditioned sample was stored in a vacuum box with
desiccants. The vacuum level was measured to be in the 1 X 107 to 2
X 107 Torr range and temperature was 23 + 1 °C.

HAADF-STEM Image Simulations. HAADF-STEM image
simulation was carried out using the TEMSIM code’® based on the
Multislice approach.Z] For the atomic structure of the BAs model, the
lattice constants of 3.707, 11.441, and 4.686 A in the [100], [010],
and [001] directions were used with 8 As atoms per unit cell.”> STEM
probe parameters used were E, = 200 keV, Cs; = 0, Css = 0, Af =0,
and ay, (convergence angle) = 17.2 mrad. The ADF detector inner
and outer angles were 50 and 200 mrad, respectively, to match the
experimental conditions. The slice thickness was set to be 1 A for
cross-sectional BAs models and 1.43 A for plan-view models to
preserve the atomic spacing. Frozen phonon approximation® was
used to include thermal diffuse scattering at T = 300 K. Root-mean-
square thermal displacement of 0.13 A was used (see SI Figure S9 for
details). A source size of 0.8 A was incorporated in these image
simulations.*®

Column-to-Column ADF Intensity Ratio Evaluations. First,
raw experimental HAADF-STEM images were low-pass filtered (0.6
A) to remove the high-frequency noise. Smaller sections of 1.39 X
1.39 nm (130 X 130 pixel) having uniform background were cut out,
and the intensities were individually renormalized for each section.
Line scans were obtained across each row of the dumbbells, averaging
across a 0.86 A wide strip to identify peak intensities I; and I,
corresponding to that of neighboring dumbbells and background
intensity I,. The simulated HAADF-STEM images were analyzed in
an identical manner to obtain the ratio R = (I} — I,/I, — I,) as a
function of the number of layers.

ASSOCIATED CONTENT

® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.0c01506.

EDX spectrum of a BAs flake, Pb planar defects in a BAs
flake, image processing of high-resolution HAADE-
STEM images, examples of thickness determination of
BAs nanosheets using lattice contrast in an atomic-
resolution HAADF-STEM image, thickness determina-
tion for EELS acquisition area, number of layer
determination for EELS acquisition areas, BAs degrada-
tion at ambient conditions, examples of BAs flake
degradation, estimation of thermal atomic displacement
of BAs for the Multislice simulation, and evaluation of
humid-conditioned BAs flake degradation (PDF)

5995

AUTHOR INFORMATION

Corresponding Authors

Hwanhui Yun — Department of Chemical Engineering and
Materials Science, University of Minnesota, Minneapolis,
Minnesota 55458, United States; Email: yunxx133@umn.edu

K. Andre Mkhoyan — Department of Chemical Engineering and
Materials Science, University of Minnesota, Minneapolis,
Minnesota 55455, United States; ® orcid.org/0000-0003-
3568-5452; Email: mkhoyan@umn.edu

Authors

Supriya Ghosh — Department of Chemical Engineering and
Materials Science, University of Minnesota, Minneapolis,
Minnesota 55455, United States

Prafful Golani — Department of Electrical and Computer
Engineering, University of Minnesota, Minneapolis, Minnesota
554585, United States

Steven J. Koester — Department of Electrical and Computer
Engineering, University of Minnesota, Minneapolis, Minnesota
55455, United States; © orcid.org/0000-0001-6104-1218

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.0c01506

Author Contributions

H.Y, S.G., and K.A.M. conceived and designed the project and
data analysis. H.Y. carried out all STEM sample preparation,
STEM experiments, and diffraction pattern simulations. S.G.
performed image simulations and thickness determination
analysis. P.G. deposited flakes onto STEM grids and helped
with preparation of cross-sectional samples. H.Y. and K.A-M.
wrote the manuscript with contributions from all authors.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

This project was partially supported by UMN MRSEC
program DMR-1420013 and SMART, one of seven centers
of nCORE, a Semiconductor Research Corporation program,
sponsored by NIST. Parts of this work was carried out in the
College of Science and Engineering Characterization Facility,
University of Minnesota (UMN), supported in part by the
NSF through the UMN MRSEC program (No. DMR-
1420013). P.G. and SJ.K. were supported by the NSF under
Award No. ECCS-1708769. The authors also thank Sagar
Udyavara and Prof. Matthew Neurock for insightful
discussions.

REFERENCES

(1) Li, L; Yu, Y.; Ye, G. J.; Ge, Q; Ou, X; Wy, H.; Feng, D.; Chen,
X. H; Zhang, Y. Black Phosphorus Field-Effect Transistors. Nat.
Nanotechnol. 2014, 9, 372—377.

(2) Castellanos-Gomez, A.; Vicarelli, L.; Prada, E.; Island, J. O.;
Narasimha-Acharya, K. L.; Blanter, S. I; Groenendijk, D. J.; Buscema,
M,; Steele, G. A,; Alvarez, ]. V.; Zandbergen, H. W.; Palacios, J. J.; van
der Zant, H. S. J. Isolation and Characterization of Few-Layer Black
Phosphorus. 2D Mater. 2014, 1, 025001.

(3) Hu, Z,; Niu, T.; Guo, R; Zhang, J.; Lai, M.; He, J.; Wang, L,;
Chen, W. Two-Dimensional Black Phosphorus: Its Fabrication,
Functionalization and Applications. Nanoscale 2018, 10, 21575—
21603.

(4) Xu, Y.; Shi, Z; Shi, X; Zhang, K.; Zhang, H. Recent Progress in
Black Phosphorus and Black-Phosphorus-Analogue Materials: Proper-
ties, Synthesis and Applications. Nanoscale 2019, 11, 14491—14527.

https://dx.doi.org/10.1021/acsnano.0c01506
ACS Nano 2020, 14, 5988—5997


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01506/suppl_file/nn0c01506_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01506?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01506/suppl_file/nn0c01506_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hwanhui+Yun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:yunxx133@umn.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+Andre+Mkhoyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3568-5452
http://orcid.org/0000-0003-3568-5452
mailto:mkhoyan@umn.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Supriya+Ghosh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Prafful+Golani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+J.+Koester"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6104-1218
https://pubs.acs.org/doi/10.1021/acsnano.0c01506?ref=pdf
https://dx.doi.org/10.1038/nnano.2014.35
https://dx.doi.org/10.1088/2053-1583/1/2/025001
https://dx.doi.org/10.1088/2053-1583/1/2/025001
https://dx.doi.org/10.1039/C8NR07395C
https://dx.doi.org/10.1039/C8NR07395C
https://dx.doi.org/10.1039/C9NR04348A
https://dx.doi.org/10.1039/C9NR04348A
https://dx.doi.org/10.1039/C9NR04348A
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01506?ref=pdf

ACS Nano

www.acsnano.org

(5) Chen, Y.; Chen, C.; Kealhofer, R;; Liu, H.; Yuan, Z.; Jiang, L.;
Suh, J.; Park, J.; Ko, C.; Choe, H. S.; Avila, J.; Zhong, M.; Wei, Z.; Li,
J; Li, S.; Gao, H,; Liu, Y.; Analytis, J.; Xia, Q.; Asensio, M. C.; W, J.
Black Arsenic: A Layered Semiconductor with Extreme In-Plane
Anisotropy. Adv. Mater. 2018, 30, 1800754.

(6) Zhong, M; Xia, Q; Pan, L.; Liu, Y.; Chen, Y.; Deng, H-X,; Li, J.;
Wei, Z. Thickness-Dependent Carrier Transport Characteristics of a
New 2D Elemental Semiconductor: Black Arsenic. Adv. Funct. Mater.
2018, 28, 1802581.

(7) Kandemir, A.; Iyikanat, F.; Sahin, H. Monitoring the Crystal
Orientation of Black-Arsenic via Vibrational Spectra. . Mater. Chem.
C 2019, 7, 1228—1236.

(8) Zhang, Z.; Xie, J; Yang, D.; Wang, Y; Si, M; Xue, D.
Manifestation of Unexpected Semiconducting Properties in Few-
Layer Orthorhombic Arsenene. Appl. Phys. Express 2015, 8, 055201.

(9) Kamal, C.; Ezawa, M. Arsenene: Two-Dimensional Buckled and
Puckered Honeycomb Arsenic Systems. Phys. Rev. B: Condens. Matter
Mater. Phys. 2015, 91, 085423.

(10) Wood, J. D.; Wells, S. A.; Jariwala, D.; Chen, K. S.; Cho, E.;
Sangwan, V. K; Liu, X,; Lauhon, L. J.; Marks, T. J.; Hersam, M. C.
Effective Passivation of Exfoliated Black Phosphorus Transistors
against Ambient Degradation. Nano Lett. 2014, 14, 6964—6970.

(11) Island, J. O.; Steele, G. A; Zant, H. S. J. v. d.; Castellanos-
Gomez, A. Environmental Instability of Few-Layer Black Phosphorus.
2D Mater. 2015, 2, 011002.

(12) Edmonds, M. T.; Tadich, A; Carvalho, A.; Ziletti A.;
O’Donnell, K. M,; Koenig, S. P.; Coker, D. F,; ézyilmaz, B.; Neto,
A. H. C,; Fuhrer, M. S. Creating a Stable Oxide at the Surface of Black
Phosphorus. ACS Appl. Mater. Interfaces 2015, 7, 14557—14562.

(13) Favron, A.; Gaufres, E.; Fossard, F.; Phaneuf-L'Heureux, A.-L.;
Tang, N. Y. W,; Lévesque, P. L,; Loiseau, A.; Leonelli, R;; Francoeur,
S.; Martel, R. Photooxidation and Quantum Confinement Effects in
Exfoliated Black Phosphorus. Nat. Mater. 2015, 14, 826—832.

(14) Wy, R. J.; Topsakal, M.; Low, T.; Robbins, M. C.; Haratipour,
N,; Jeong, J. S.; Wentzcovitch, R. M.; Koester, S. J.; Mkhoyan, K. A.
Atomic and Electronic Structure of Exfoliated Black Phosphorus. J.
Vac. Sci. Technol, A 2015, 33, 060604.

(15) Pei, J.; Gai, X; Yang, J.; Wang, X; Yu, Z.; Choi, D.-Y.; Luther-
Davies, B.; Lu, Y. Producing Air-Stable Monolayers of Phosphorene
and Their Defect Engineering. Nat. Commun. 2016, 7, 10450.

(16) Luo, W.; Zemlyanov, D. Y; Milligan, C. A;; Dy, Y.; Yang, L;
Wuy, Y,; Ye, P. D. Surface Chemistry of Black Phosphorus under a
Controlled Oxidative Environment. Nanotechnology 2016, 27, 434002.

(17) Walia, S.; Sabri, Y.; Ahmed, T.; Field, M. R;; Ramanathan, R;
Arash, A; Bhargava, S. K; Sriram, S.; Bhaskaran, M.; Bansal, V,;
Balendhran, S. Defining the Role of Humidity in the Ambient
Degradation of Few-Layer Black Phosphorus. 2D Mater. 2017, 4,
015028S.

(18) Gamage, S.; Li, Z.; Yakovlev, V. S; Lewis, C.; Wang, H,;
Cronin, S. B.; Abate, Y. Nanoscopy of Black Phosphorus Degradation.
Adv. Mater. Interfaces 2016, 3, 1600121.

(19) Liu, P; Qin, R; Fu, G;; Zheng, N. Surface Coordination
Chemistry of Metal Nanomaterials. J. Am. Chem. Soc. 2017, 139,
2122-2131.

(20) Kirkland, E. J. Advanced Computing in Electron Microscopy;
Springer: Boston, MA, 2010.

(21) Cowley, J. M.; Moodie, A. F. The Scattering of Electrons by
Atoms and Crystals. I. A New Theoretical Approach. Acta Crystallogr.
1957, 10, 609—619.

(22) Jain, A;; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D,;
Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.; Ceder, G.; Persson, K.
A. Commentary: The Materials Project: A Materials Genome
Approach to Accelerating Materials Innovation. APL Mater. 2013,
1, 011002.

(23) Wei, Q.; Peng, X. Superior Mechanical Flexibility of
Phosphorene and Few-Layer Black Phosphorus. Appl. Phys. Lett.
2014, 104, 251915.

(24) Odlyzko, M. L.; Mkhoyan, K. A. Identifying Hexagonal Boron
Nitride Monolayers by Transmission Electron Microscopy. Microsc.
Microanal. 2012, 18, 558—567.

(25) Wy, R. J,; Odlyzko, M. L.; Mkhoyan, K. A. Determining the
Thickness of Atomically Thin MoS, and WS, in the TEM.
Ultramicroscopy 2014, 147, 8—20.

(26) Wu, R J; Mittal, A; Odlyzko, M. L; Mkhoyan, K. A.
Simplifying Electron Beam Channeling in Scanning Transmission
Electron Microscopy. Microsc. Microanal. 2017, 23, 794—808.

(27) Chen, C. H,; Silcox, J.; Vincent, R. Electron-Energy Losses in
Silicon: Bulk and Surface Plasmons and Cherenkov Radiation. Phys.
Rev. B 1975, 12, 64—71.

(28) Mkhoyan, K. A; Babinec, T.; Maccagnano, S. E.; Kirkland, E. J.;
Silcox, J. Separation of Bulk and Surface-Losses in Low-Loss EELS
Measurements in STEM. Ultramicroscopy 2007, 107, 345—35S.

(29) Yurtsever, A.; Couillard, M.; Muller, D. A. Formation of Guided
Cherenkov Radiation in Silicon-Based Nanocomposites. Phys. Rev.
Lett, 2008, 100, 217402.

(30) Egerton, R. F. Electron Energy Loss Spectroscopy in the Electron
Microscope, 3rd ed.; Springer: New York, 2011.

(31) Colliex, C. Electron Energy Loss Spectroscopy in the Electron
Microscope. In Advances in Imaging and Electron Physics; Hawkes, P.
W., Hytch, M., Eds.; Elsevier: New York, 2019; Vol. 211, Chapter 3,
pp 187-304.

(32) Muller, D. A; Singh, D. J.; Silcox, J. Connections Between the
Electron-Energy-Loss Spectra, the Local Electronic Structure, and the
Physical Properties of a Material: A Study of Nickel Aluminum Alloys.
Phys. Rev. B: Condens. Matter Mater. Phys. 1998, 57, 8181—8202.

(33) Ghosh, B.; Kumar, P.; Thakur, A.; Chauhan, Y. S.; Bhowmick,
S.; Agarwal, A. Anisotropic Plasmons, Excitons, and Electron Energy
Loss Spectroscopy of Phosphorene. Phys. Rev. B: Condens. Matter
Mater. Phys. 2017, 96, 035422.

(34) Xu, P.; Zheng, D.; Zhu, C.; Zhang, M.; Tian, H; Yang, H; L, J.
Energy Loss Spectrum and Surface Modes of Two-Dimensional Black
Phosphorus. J. Phys. Mater. 2019, 2, 045001.

(35) Gaufres, E.; Fossard, F.; Gosselin, V.; Sponza, L.; Ducastelle, F.;
Li, Z,; Louie, S. G.; Martel, R.; Coté, M.; Loiseau, A. Momentum-
Resolved Dielectric Response of Free-Standing Mono-, Bi-, and
Trilayer Black Phosphorus. Nano Lett. 2019, 19, 8303—8310.

(36) National Research Council (US) Committee on Medical and
Biological Effects of Environmental Pollutants. Arsenic: Medical and
Biological Effects of Environmental Pollutants; National Academies
Press: Washington, DC, 1977; p 2.

(37) National Center for Biotechnology Information. PubChem
Database. Arsenic Acid, CID = 234; https://pubchem.ncbinlm.nih.
gov/compound/ (accessed 2020-01-16).

(38) Zhao, M,; Niu, X;; Guan, L; Qian, H; Wang, W.; Sha, J;
Wang, Y. Understanding the Growth of Black Phosphorus Crystals.
CrystEngComm 2016, 18, 7737—7744.

(39) Yu, Y; Xing, B.; Wang, D.; Guan, L.; Niu, X; Yao, J,; Yan, X;
Zhang, S; Liu, Y.; Wu, X,; Sha, J.; Wang, Y. Improvement in the
Quality of Black Phosphorus by Selecting a Mineralizer. Nanoscale
2019, 11, 20081—20089.

(40) Artyukhov, V. L; Liu, Y.; Yakobson, B. . Equilibrium at the
Edge and Atomistic Mechanisms of Graphene Growth. Proc. Natl.
Acad. Sci. U. S. A. 2012, 109, 15136—15140.

(41) Stehle, Y. Y.; Sang, X.; Unocic, R. R;; Voylov, D.; Jackson, R.
K.; Smirnov, S.; Vlassiouk, I. Anisotropic Etching of Hexagonal Boron
Nitride and Graphene: Question of Edge Terminations. Nano Lett.
2017, 17, 7306—7314.

(42) Zhou, H; Yu, F; Liu, Y,; Zou, X;; Cong, C; Qiu, C; Yu, T,;
Yan, Z.; Shen, X,; Sun, L.; Yakobson, B. L; Tour, J. M. Thickness-
Dependent Patterning of MoS, Sheets with Well-Oriented Triangular
Pits by Heating in Air. Nano Res. 2013, 6, 703—711.

(43) Lv, D.; Wang, H.; Zhu, D.; Lin, J; Yin, G; Lin, F.; Zhang, Z.;
Jin, C. Atomic Process of Oxidative Etching in Monolayer
Molybdenum Disulfide. Sci. Bull. 2017, 62, 846—851.

https://dx.doi.org/10.1021/acsnano.0c01506
ACS Nano 2020, 14, 5988—5997


https://dx.doi.org/10.1002/adma.201800754
https://dx.doi.org/10.1002/adma.201800754
https://dx.doi.org/10.1002/adfm.201802581
https://dx.doi.org/10.1002/adfm.201802581
https://dx.doi.org/10.1039/C8TC05167D
https://dx.doi.org/10.1039/C8TC05167D
https://dx.doi.org/10.7567/APEX.8.055201
https://dx.doi.org/10.7567/APEX.8.055201
https://dx.doi.org/10.1103/PhysRevB.91.085423
https://dx.doi.org/10.1103/PhysRevB.91.085423
https://dx.doi.org/10.1021/nl5032293
https://dx.doi.org/10.1021/nl5032293
https://dx.doi.org/10.1088/2053-1583/2/1/011002
https://dx.doi.org/10.1021/acsami.5b01297
https://dx.doi.org/10.1021/acsami.5b01297
https://dx.doi.org/10.1038/nmat4299
https://dx.doi.org/10.1038/nmat4299
https://dx.doi.org/10.1116/1.4926753
https://dx.doi.org/10.1038/ncomms10450
https://dx.doi.org/10.1038/ncomms10450
https://dx.doi.org/10.1088/0957-4484/27/43/434002
https://dx.doi.org/10.1088/0957-4484/27/43/434002
https://dx.doi.org/10.1088/2053-1583/4/1/015025
https://dx.doi.org/10.1088/2053-1583/4/1/015025
https://dx.doi.org/10.1002/admi.201600121
https://dx.doi.org/10.1021/jacs.6b10978
https://dx.doi.org/10.1021/jacs.6b10978
https://dx.doi.org/10.1107/S0365110X57002194
https://dx.doi.org/10.1107/S0365110X57002194
https://dx.doi.org/10.1063/1.4812323
https://dx.doi.org/10.1063/1.4812323
https://dx.doi.org/10.1063/1.4885215
https://dx.doi.org/10.1063/1.4885215
https://dx.doi.org/10.1017/S143192761200013X
https://dx.doi.org/10.1017/S143192761200013X
https://dx.doi.org/10.1016/j.ultramic.2014.05.007
https://dx.doi.org/10.1016/j.ultramic.2014.05.007
https://dx.doi.org/10.1017/S143192761700068X
https://dx.doi.org/10.1017/S143192761700068X
https://dx.doi.org/10.1103/PhysRevB.12.64
https://dx.doi.org/10.1103/PhysRevB.12.64
https://dx.doi.org/10.1016/j.ultramic.2006.09.003
https://dx.doi.org/10.1016/j.ultramic.2006.09.003
https://dx.doi.org/10.1103/PhysRevLett.100.217402
https://dx.doi.org/10.1103/PhysRevLett.100.217402
https://dx.doi.org/10.1103/PhysRevB.57.8181
https://dx.doi.org/10.1103/PhysRevB.57.8181
https://dx.doi.org/10.1103/PhysRevB.57.8181
https://dx.doi.org/10.1103/PhysRevB.96.035422
https://dx.doi.org/10.1103/PhysRevB.96.035422
https://dx.doi.org/10.1088/2515-7639/ab27e9
https://dx.doi.org/10.1088/2515-7639/ab27e9
https://dx.doi.org/10.1021/acs.nanolett.9b03928
https://dx.doi.org/10.1021/acs.nanolett.9b03928
https://dx.doi.org/10.1021/acs.nanolett.9b03928
https://pubchem.ncbi.nlm.nih.gov/compound/
https://pubchem.ncbi.nlm.nih.gov/compound/
https://dx.doi.org/10.1039/C6CE01608A
https://dx.doi.org/10.1039/C9NR06583K
https://dx.doi.org/10.1039/C9NR06583K
https://dx.doi.org/10.1073/pnas.1207519109
https://dx.doi.org/10.1073/pnas.1207519109
https://dx.doi.org/10.1021/acs.nanolett.7b02841
https://dx.doi.org/10.1021/acs.nanolett.7b02841
https://dx.doi.org/10.1007/s12274-013-0346-2
https://dx.doi.org/10.1007/s12274-013-0346-2
https://dx.doi.org/10.1007/s12274-013-0346-2
https://dx.doi.org/10.1016/j.scib.2017.05.016
https://dx.doi.org/10.1016/j.scib.2017.05.016
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01506?ref=pdf

ACS Nano WWWw.acshano.org

(44) Loane, R. F; Xu, P; Silcox, J. Thermal Vibrations in
Convergent-Beam Electron Diffraction. Acta Crystallogr, Sect. A:
Found. Crystallogr. 1991, 47, 267—278.

(45) Jeong, J. S.; Odlyzko, M. L.; Xu, P.; Jalan, B.; Mkhoyan, K. A.
Probing Core-Electron Orbitals by Scanning Transmission Electron
Microscopy and Measuring the Delocalization of Core-Level

Excitations. Phys. Rev. B: Condens. Matter Mater. Phys. 2016, 93,
165140.

5997 https://dx.doi.org/10.1021/acsnano.0c01506
ACS Nano 2020, 14, 5988—5997


https://dx.doi.org/10.1107/S0108767391000375
https://dx.doi.org/10.1107/S0108767391000375
https://dx.doi.org/10.1103/PhysRevB.93.165140
https://dx.doi.org/10.1103/PhysRevB.93.165140
https://dx.doi.org/10.1103/PhysRevB.93.165140
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01506?ref=pdf

