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ABSTRACT

Among the different growth mechanisms for two-dimensional (2D) hexagonal boron nitride
(h-BN) synthesized using chemical vapor deposition, spiraling growth of h-BN has not been
reported. Here we report the formation of intertwined double-spiral few-layer h-BN that are
driven by screw-dislocations located at the anti-phase boundaries of monolayer domains. The
microstructure and stacking configurations were studied using a combination of dark-field and
atomic-resolution transmission electron microscopy. Distinct from other 2D materials with
single-spiral structures, the double-spiral structure enables the intertwined h-BN layers to
preserve the most stable AA’ stacking configuration. We also found that the occurrence of
shear strains at the boundaries of merged spiral islands is dependent on the propagation
directions of encountering screw dislocations, and presented the strained features by density
functional theory calculations and atomic image simulations. This study unveils the double-
spiral growth of 2D h-BN multilayers and the creation of shear strain band at the coalescence

boundary of two h-BN spiral clusters.
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Introduction

Hexagonal boron nitride (h-BN) is analogous to graphene but is comprised of alternating
boron and nitrogen atoms. It shows great potential as a substrate for two-dimensional (2D)
heterostructured devices because of its atomically flat surface, unique electrically insulating
nature, and high-temperature and chemical stability*?. Using h-BN as a substrate layer for
graphene increases the electron mobility by nearly an order of magnitude compared to
conventional SiO, substrates’. Thus, h-BN has emerged as a critical building block for 2D
heterostructured devices in which h-BN serves as a substrate, electron barrier, or passivation
material®>®. The controllable and large-scale synthesis of h-BN films for use in scalable
electronic devices has been achieved using chemical vapor deposition (CVD) on various
catalytic metals®®. Among metal substrates, Cu is most commonly used because of its
abundance and its closely matched lattice constant with h-BN that enables epitaxial growth,
resulting in relatively high-quality films*®*!. It also facilitates h-BN growth by catalyzing the
decomposition of BN precursors***®. Furthermore, the relatively low solubilities of B and N in
Cu allow a more controllable surface-mediated growth®. Planar and lateral growth has been
observed in many studies for the first layer of h-BN?'**>. A monolayer domain then nucleates
on the Cu surface and grows laterally by the attachment of BN atoms to its edges. Following
the Wulff construction, the resulting 2D single crystals often adopt well-defined shapes, e.g.,
triangles®™ and hexagons***®, depending on the edge attachment energies and the chemical

potentials of the constituent elements®’*°.

As reported in previous studies, including our past research, the growth of h-BN does not
cease after the formation of a monolayer®®. However, a complete study of the growth

mechanisms of multilayer h-BN films has not yet been made. Only a few studies have



discussed further growth processes. In one of the first studies on monolayer h-BN grown on Cu,
Kim et al. reported that the growth was not self-limited and multilayer islands were observed
after extended growth periods®. They concluded that the growth mechanism changed to the
Stranki—Krastanov model (island on layer) after the completion of the first layer. In contrast,
based on the in situ observation of Cu lattice expansion during h-BN growth, Kidambi et al.
proposed that the second h-BN layer grows beneath the first layer in an inverted wedding cake
structure formed by the incorporation of B atoms into bulk Cu®. Ji et al. grew few-layer h-BN
domains and proposed that the growth of the subsequent layers originated from the same
nucleation center as the monolayer domain thereby suggesting that growth of multilayers may

be caused by defects?, similar to previous reports on graphene adlayers?*%.

Here we show that multilayer h-BN islands can also be formed from screw dislocations at
anti-phase boundaries (APB)*%, Unlike the single-spiral screw dislocation-driven growth in

nanoplates and other 2D materials®®>?

, @ pair of screw dislocations always exist along an h-BN
APB resulting in a double-spiral structure for isolated islands. Strained boundaries, a
consequence of merged adjacent multilayer islands when the screw dislocations propagate in
opposite directions, were commonly observed. Using a combination of transmission electron
microscopy (TEM) and density functional theory (DFT) calculations, we propose what are the

most stable strained features such as band width, magnitude, and direction between spiral

clusters at the atomic scale.



Results

Synthesis and characterization of double-spiral h-BN.

Self-aligned monolayer h-BN films with multilayer islands were grown on resolidified Cu by
atmospheric pressure (AP) CVD (refer to the Materials and Methods section). In the scanning
electron microscopy image shown in Figure 1a, hexagonal multilayer islands are easily
distinguished by their bright contrast. Multilayer islands tend to grow along defect lines (white
lines in Figure 1la) with some as isolated individual islands while others are clustered and
merged. The microstructures of these multilayer islands were elucidated using dark-field (DF)
and atomic-resolution (AR) TEM. The DF-TEM image in Figure 1b reveals all the hexagonal
multilayer islands grown along the defect lines are spiral-shape islands; an isolated multilayer
island has a double-spiral structure while more complex spiral structures are formed when
multiple islands are situated close together and merge along the defect lines. The one set of
hexagonal diffraction spots (inset of Figure 1b) indicates that all the monolayer h-BN domains
and multilayers in Figure 1b share the same orientation. While, the spiral contours of the
multilayer islands are divided by defect lines, which means these defect lines are APBs that are
created where two monolayer domains having different polarities, i.e. BN/NB (60 ° rotation
angle difference), meet (see Figure S1). In a previous study™, we demonstrated that h-BN
monolayer single crystals grown by CVD primarily have the same orientation and comprise
both BN and NB domains, with defect lines along the APBs. Also note that the isolated spiral
islands tend to be bigger in lateral size (~1 pum) than clustered ones (see the Figure la and
Figure S1a) and their hexagonal edges are usually aligned to the zigzag direction as verified by
the orientation of diffraction pattern (inset of Figure 1b). This indicates the presence of

alternating B- and N-terminated edges'®. Whereas, clustered spiral islands show slightly mixed



edges where they merge. Both left- and right-handed spirals were observed and found up to 7

layers as far as we have searched.

Figure 1c shows an AR-TEM image at the interlayer boundary region of a double-spiral
multilayer island as indicated by the red box in Figure 1b. The number of h-BN layers was
determined by etching the layers by prolonged electron-beam irradiation. The left and right
regions were determined to be two and three layers respectively, confirming that the number of
h-BN layers increases by one for each rotation. The interlayer boundary was identified from
the intensity profile (Figure 1d) across the blue line shown in the AR-TEM image in Figure 1c.
Fast Fourier transforms (FFTs) of the bilayer and trilayer regions (insets in Figure 1c) indicate
the same hexagonal structure with no difference in orientation. The layer boundary has zigzag
termination as suggested earlier in Figure 1b that spiral islands grow along the zigzag direction.
The stacking structure was evaluated from the orientation of the triangular defects created by
electron beam irradiation. Since the triangular hole defects of h-BN have N-terminated edges
-3 the opposite orientation of the triangular defects between adjacent layers indicates that the
h-BN layers were AA'-stacked (i.e, BN/NB/BN/NB; Figure 1e), which is the most

N3 More than one hundred

energetically favorable stacking configuration in bulk h-B
locations on many different islands synthesized from different batches were inspected to have
AA' stacking structure, judged by the atomic lattice, FFT, and orientations of triangular defects
in adjacent layers at atomic resolution. Moreover, DF-TEM images acquired from first- and
second-order diffraction spot showed increasing contrast with the number of layers as shown in

Figure 1b, which means the whole double-spiral structure has AA’ stacking™. The above

analyses suggest that the double-spiral multilayer island was formed with AA’ stacking with



two intertwined h-BN domains, which spiral around each other one layer per step across the

APB.

Growth mechanism of screw dislocation-driven double-spiral h-BN.

Based on the results of TEM characterization in Figure 1, we inferred the mechanism for the
double-spiral growth of isolated multilayer islands. Figure 2a shows a false-colored DF-TEM
image of an isolated double-spiral multilayer h-BN island which is schematically depicted in
Figure 2b showing the layer numbers and the domain orientations. The formation mechanism
of double-spiral h-BN multilayers is illustrated in Figure 2c. At first, monolayer domains
nucleate and then grow epitaxially along the (110) Cu surface by edge attachment (EBSD
shows that the resolidified Cu has a surface orientation of (110)). Because of the prolific
nucleation of h-BN, there are numerous instances where the edges of neighboring domains
meet. If domains coalescence with the same polarity (BN/BN), they can stitch seamlessly
together, while those with different polarities (BN/NB) cannot, leaving exposed edges and an
APB instead. When the APCVD growth of h-BN continues after the monolayer has fully
covered the Cu surface, an abundance of multilayer h-BN spiraling islands is formed along the
APBs, where a pair of dislocations is initiated and causes the h-BN domains to simultaneously
grow and extend over each other. Growth progressed by spiraling in the vertical direction as
the BN atoms attached to the active edges, leaving slipped planes in the bottom layer (i.e.,
generating screw defects). Once each spiral reached the domain boundary, another layer grew
on top of the existing one. This process continued perpetually. TEM observations have shown
that the spirals climbed one layer per step, which is equivalent to one elemental Burgers vector
of h-BN. Because the top layer was the last to form and had the least time to grow, the

multilayer islands formed pyramid-like structures in which the layers became progressively



smaller while moving toward the top (Figure 2d and Movie S1). Each of the two spiraling
domains grew independently across the boundary and retained its orientation, thereby
maintaining the energetically favorable AA' stacking at each side of domains to the APB. This
is possible because of the double-spiral system, which was initiated at the APB. The single-
spiral driven by a single screw dislocation observed in other 2D materials including graphene®,

%031 "and tungsten diselenide® showed AA-like stacking configurations

molybdenum disulfide
(which means AA, or AB, or with translation but not twisted in-between layers), because the
crystal orientation remained unchanged. Whereas, double-spirals, recently reported in metal
dichalcogenide materials, were also observed to have AA'-like stacking configuration with 60 °
or 180 ° rotation of one layer from the other’®*!. Notable thing is that the h-BN double-spirals
are always grown intertwined, driven by paired screw-dislocations at the APB, while the

initiation of screw-dislocations can be independent and merging of two single-spiral results in

double-spiral in metal dichalcogenide materials reported so far.

Furthermore, we verified the spiral islands grow upward from the initial monolayer by
spiraling around the axial dislocation located at the APB as BN atoms are attached to the active
edges, as illustrated in Figure 2d. It is experimentally demonstrated by comparing the
orientations of triangular defects on layer boundary in Figure S2 (refer to the section 1 in the
Supporting Information). Therefore, unlike bottom growth caused by the substrate’s catalytic
effect, which results in the “inverted wedding cake” structure and is commonly found in few-
layer graphene®*®, growth by screw dislocations occurs by a top growth mechanism in which
the growth extends from the first layer and spirals upward around an axial dislocation, forming
multiple layers of perpetuating steps, which agree to our recent study of spiral growth in

graphene®.



Shear strain band at coalescence boundary of h-BN spiral clusters.

Typically, h-BN spiral islands cluster along defect lines as a result of the many screw
dislocation sites situated along the APBs (Figure 1a). Interestingly, these clusters exhibited
different features, as observed in the DF-TEM images in Figure 3a,b. Some clusters were
smoothly connected (Figure 3a), whereas others showed dark lines in between merged
multilayer regions (Figure 3b). The DF-TEM images in both Figure 3a and b were acquired by
selecting a second-order diffraction spot in the selected area electron diffraction pattern. This
should result in increased intensity of the DF-TEM image with increasing number of layers
when the layers are well ordered without misorientation (AA'-stacked) by constructive
interference of waves between layers**. Hence, the dark lines in Figure 3b indicate strained
regions that have lost the high-symmetry stacking configuration (not AA’-stacked). The
absence or presence of these dark lines in Figure 3a,b are related to the rotation direction of
neighboring islands. When two neighboring islands grow in opposite spiraling directions (i.e.,
one left-handed and one right-handed), they coalesce smoothly because the encountering screw
dislocations propagate in the same direction (Figure 3c). However, when they have the same
spiraling direction (i.e., both are right- or left- handed spirals), the counter-directional
propagation of screw dislocations at the merging region results in a strained boundary between

them (Figure 3d), from the APB to merging apex.

The regions with dark lines were further investigated at in the TEM at the atomic scale. An

AR-TEM image of the white rectangular area including a dark line in Figure 4a is shown in



Figure 4b. A strained region along the zigzag direction was observed, as indicated by the red
dashed lines. The FFT (inset of Figure 4b) shows only one set of hexagonal diffraction spots,
indicating that the strained structure was caused by a gradual shift in the relative atomic
position between layers with no interlayer twisting®. Figure 4c shows a magnified atomic
resolution image within the area indicated by a cyan rectangle in Figure 4b. The square pattern
observed in the center of Figure 4c gradually becomes ‘wiggly’ moving away from the center
before returning to the stable hexagonal configuration. By fitting the atomic models with
different widths and magnitude of the shear strain (Figure S3 and Figure S4), we replicated the
experimental dimensions of the strained region using a shear strain magnitude of 1 unit cell of
h-BN (2.50 A) on the upper layer of AA’-stacked bilayer h-BN, with a width of approximately
10 nm along the zigzag direction (Figure 4d). The simulated TEM image shown in Figure 4e
closely resembles the experimental image. The shear strain band had a width of approximately
10 nm (including approximately 2 nm of square patterns, 4 nm of wiggly patterns, and 4 nm of
slightly misfit hexagonal patterns), consistent with the width of the dark lines observed in the
DF-TEM image (Figure 4a). To obtain the general value of shear strain in an h-BN spiral, we
calculated the total increase in energy for the shear of a 1 h-BN unit cell in AA'-stacked h-BN.
Shear strain increases the total energy by both elastic deformation (AEgp) and turbostratic

stacking, reducing the van der Waals (vdW) interaction between layers (AEyqw):
AEtota = AEgp + AEygw. (1)
AEiota) Can be rewritten as follows:

AEwa=Gxa’xhb+axaxb, (2)
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where G is the shear modulus, o is the scaling factor (« = the reduction in vdW energy per
area), a is the displacement of h-BN along the zigzag direction, b is the width of the shear
region in the armchair direction, and h is the layer distance in h-BN (refer to Supporting
Information for the derivation of the equations). Based on Eq. (2), the total increase in the
energy attributed to the shear strain can be obtained from b, i.e., the width of the shear strain
band (Figure 4f). The width of the shear strain band corresponds to the local minimum in total
energy and was calculated to be 9.56 nm, which is in agreement with the experimental results
and image simulation model (Figure 4 d,e). This explains why many of the observed dark lines
had similar widths (9—-10 nm). Thus, the merging of h-BN spiral islands grown from counter-
directional screw dislocations induces a shear strain over a distance of 9.56 nm between the
islands, generating moiré patterns in the AR-TEM image and dark lines in the DF-TEM image.
Strained h-BN was reported to have different characteristics to pristine h-BN, for example,
causing phonon shift*. This study on the formation conditions of shear strain may give an
insight for the use of strained h-BN in electronic devices, 2D heterostructures, and especially

as a platform for tuning the electronic structure of graphene®’.

Discussion

In this study, growth was carried out at atmospheric pressure with 200:5 sccm of Ar:H, flow,
potentially leading to the overgrowth at the exposed edges of APBs. Since the gas flow rate is
higher to LPCVD, there are more collisions between the gas molecules/precursor leading to
more active precursor species to be absorbed at the exposed edges of APBs. Furthermore, the

growth was controlled by feeding small amounts of precursor (8 mg of ammonia borane heated
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at 85 °C) to the system, fostering low supersaturation conditions which enable the growth of
multilayers by screw dislocation. According to the Burton—Cabrera—Frank theory, crystal
growth is dominated by dislocations at low supersaturation condition***°. And dislocations are
also known to form along the grain boundaries of merged monolayer domains®', especially
APBs of aligned h-BN domains in our case. Therefore, the spiral growth extends from the first
layer as the BN atoms attached to the active edges of APBs, and grow upward spiraling around

the axial dislocation in the vertical direction.

In summary, multilayered h-BN spiral islands were grown along the APBs of aligned h-BN
on resolidified Cu substrates by APCVD at low supersaturation condition. Paired screw-
dislocations initiated at the APBs resulted in intertwined spiraling h-BN domains which climb
one layer per step across the APB by growing from the active edges. The double-spiral
structure means that the h-BN multilayer preserves AA’ stacking configuration throughout the
entire region unlike other 2D materials with a single spiral structure. The shear strain bands
along the boundaries between merged multilayer regions were commonly observed arising
from neighboring islands with counter-directional screw dislocations. The strained regions,
which are typically 9-10 nm wide, generate moiré patterns at the coalescence boundaries
between adjacent multilayer spirals. This study provides understanding of the growth of

double-spiral h-BN multilayers and explains the shear strain between h-BN spiral clusters.

Materials and Methods
Synthesis of multilayer h-BN spirals. h-BN was grown on resolidified Cu by CVD at

atmospheric pressure, as reported previously™®. W foil (Alfa Asear; product no. 10417;
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thickness = 50 um) was used as a supporting substrate for the Cu. Three pieces of Cu foil (Alfa
Asear; product no. 13382; thickness = 25 pm) were cut to 2 cm x 1.5 cm and placed on top of
the W foil. The stack was then loaded into a 1-inch quartz tube. The temperature of the furnace
was first increased to 1000°C in 50 min and then to 1090°C in 10 min under a constant Ar/H;
flow (200:5 sccm). Subsequently, the temperature was maintained at 1090°C for 30 min and
then gradually decreased to 1075°C at a rate of 1°C/min. For h-BN growth, ~8 mg of ammonia
borane (Sigma Aldrich, 97%) was placed in a ceramic boat upstream of the heating zone and
heated at ~85°C using a heating belt for 30 min. After the growth, the temperature was quickly

decreased by opening the lid of the furnace.

TEM characterization of the h-BN spiral structure. CVD-grown multilayer h-BN was
directly transferred onto a TEM grid®’. TEM analysis was conducted on an aberration-
corrected transmission electron microscope (FEI Titan3 G2 60-300) operated at 80 kV. Atomic
resolution was successfully obtained at —21 um + 0.5 um of spherical aberration (C;) using a
monochromator. The AR-TEM images were acquired with an exposure time of 0.2 s and an
electron dose of approximately 5 x 10° e nm 2% The DF-TEM images were taken from a
second-order diffraction spot to identify the multilayer structures because the intensity of the
SAED and DF-TEM images improves with increasing number of layers when multilayers are
stacked with high symmetry such as AA’ or AB stacking®™**. An objective aperture with a
radius of 1.28 nm™* was placed on the back focal plane of the diffraction spots to collect

electrons diffracted from the crystallographic plane of interest.

TEM image processing and simulations. For better visualization, some DF-TEM images
were colorized by a lookup table using ImageJ. TEM image simulation was implemented in

MacTempasX under experimental imaging conditions.
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Computational modeling. The DFT-based calculations within the Vienna Ab initio
Simulation Package (VASP)**** were performed to optimize the AA'-stacked h-BN. The
electronic exchange and correlation were described by the Perdew—Burke—Ernzerhof*
functional in the generalized gradient approximation. The interaction between the valence
electrons and ion cores was embodied in the projected augmented-wave method>**" with a
cutoff energy of 400 eV. The Grimme DFT-D2 method™® was used to modify the contribution
of interlayer interactions. A supercell volume of 2.50 x 108.40 x 20.00 A% made the vacuum
space sufficiently large to void image interference. Accordingly, 9x1x1 k-points were
uniformly sampled in the Brillouin zone using the Monkhorst-Pack method>® to ensure an
energy convergence of less than 0.1 meV/atom. For simplification, the following optimizations
and deductions are based on bilayer h-BN: the bottom layer was fixed, and a uniformly
distributed shear was imposed along the zigzag direction on the top layer. This is in accordance
with the experimental observations. The shortest dislocation length along the zigzag direction

was one periodic unit (i.e., 2.50 A). All structures were optimized using the conjugate gradient

algorithm until the convergence reached 0.01 eV/A.
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Figure 1. Spiral growth of multilayer h-BN islands. (a) SEM image of multilayer h-BN islands
grown on a resolidified Cu substrate. Both isolated (yellow circle) and clustered (blue
rectangles) spirals exist along defect lines in monolayer h-BN. (b) DF-TEM image showing the
spiral structure of the h-BN islands. The islands have a double-spiral structure along the APB.
The inset shows the SAED pattern of the entire area of (b). (¢) AR-TEM image of the area
indicated by the red square in (b). The red line indicates a layer boundary. Insets are the FFTs
over the bi- and tri-layer regions. (d) Intensity profile along the blue line in (c). There is a one
layer increase for each spiral contour. (e) The opposite direction of an electron beam-induced
triangular hole defect in the neighboring layers demonstrates the AA’ stacking configuration of

multilayer h-BN. Scale bars (a), 1 um, (b), 0.2 um, (c), 2 nm.
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Domain

Figure 2. Growth mechanism of h-BN spirals. (a) False-colored DF-TEM image of multilayer
h-BN with a double-spiral structure along the APB (scale bar, 0.2 um). (b) Ilustration of (a)
with information of the number of layers and domain orientations. (c) Illustration of growth
mechanism of h-BN spirals. (d) Side view of top growth of multilayer island from the substrate.
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Figure 3. Merging of h-BN spirals and creation of strain. (a, b) False-colored DF-TEM images
of spiral clusters. Two islands smoothly merge in (a), whereas dark lines are formed between
the merging regions of three islands in (b). (c, d) Schematics showing the merging of two
islands: (c) is for the case in (a), where the two spirals have opposite rotations (right- and left-
handed spirals) and (d) is for the case in (b), where the two spirals have the same rotation (both
left-handed). The right- and left-handed spirals are represented by black and white curved
arrows, respectively, and the propagation directions of the screw dislocations are indicated by
an arrow with the same color of the corresponding spiral direction. The black dashed lines are
the APBs formed between the [NB] (blue) and [BN] (orange) domains. The solid black line

indicates strain between the two merging spiral islands. Scale bars (a,b), 0.2 pm.
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Figure 4. Shear strain band in h-BN spirals. (a) DF-TEM image of strained h-BN (strain
indicated by dark lines). (b) AR-TEM image of the area indicated by the white box in (a). The
inset shows the FFT over the whole area. The region highlighted by the red dashed lines along
the zigzag direction shows a square-like moiré pattern instead of the original hexagonal lattice
of h-BN with AA’ stacking configuration. (d) Magnified AR-TEM image of the boxed region
with cyan color in (b). (d) Applying a 1 h-BN unit cell (2.50 A) shear strain along the zigzag
direction makes similar feature with (c), including hexagonal, wiggly, and square regions over
a width of ~10 nm. (e) Simulated TEM image from the structure in (c). (f) The increase in total
energy (AEta) resulting from the shear strain depends on the width of the shear strain band.
AEotar 1S minimized when the width of the shear strain band is 9.56 nm. Scale bars (a), 1 um,
(b), 2 nm.
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o Defect line

Figure S1. Multilayer h-BN islands grown along defect lines. h-BN single crystals have two
orientation; BN and NB, which is 60 degree rotated (Refer to inset of (b)). Contrast to seamless
stitching of BN/BN (or NB/NB) domains (c), coalescence of BN/NB domains leaves defect line.
The boundary of BN/NB is called anti-phase boundary (APB). Scale bar, 1um.



1. Demonstration of top growth of h-BN spirals

We experimentally demonstrated that h-BN spiral islands grow upward from the Cu substrate by
comparing the orientations of triangular defects on each side of domains to APB (Figure S2).
This demonstration is possible due to the characteristic behavior of h-BN defect growth under an
80 kV electron beam. (1) Under an 80 kV electron beam, atoms are knocked out leaving an N-
terminated triangular hole defect’®. Hexagonal hole defects with B-terminated edges can be
created at elevated temperature* or at higher current density®, but in our TEM image condition it
is confirmed that N-terminated triangular hole defects are always created with TEM image
simulations using MacTempasX>. (2) Since h-BN has an AA’ stacking structure, the orientation
of the triangular defects are rotated 180 ° between layers (refer to the schematic in Figure 1e). (3)
Atoms are normally ejected from the bottom layer first, and the triangular defects grow layer by
layer. Therefore, the smallest triangular defects are found in the top layer®. Based on these
characteristics of electron beam-induced h-BN defects, triangular defects for both top and bottom
growth are illustrated in Figure S2. Note that the h-BN layers are turned upside down when
transferred onto the TEM grid (Figure S2a) by a direct transfer method’. Figure S2A and B show
the features of the triangular defects corresponding to top and bottom growth, respectively,
including the layer boundary of the double layer and trilayer, for a comparison of the orientation
of the triangular defects in the AR-TEM image in Figure S2d. As illustrated in Figure S2b,c, the
orientations of the smallest triangular defect on the left and right of the layer boundary should be
the same as that in the case of top growth and opposite in the case of bottom growth. In Figure
S2d (taken a few seconds after Figure 1c), the empty regions with no atom contrast after the top
layer is etched out are marked as purple triangles. The orientations of the purple triangles over

the layer boundary are the same, which proves the top growth of h-BN layers. There are



exceptions such as small vacancies possessing the opposite orientation to the others like the
green triangle marked in Figure S2d because of sputtering caused by the large momentum

transfer so atoms exit the surface in the forward direction, but this is very rare.
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Figure S2. Top growth of h-BN spirals. (a) Schematic of multilayer h-BN grown upward from
the Cu substrate. The h-BN layers are turned upside down after being transferred onto the TEM
grid. (b, ¢) Schematic showing the features of triangular defects for top growth (b) and bottom
growth (c). (d) AR-TEM image with triangular holes formed by prolonged electron beam
irradiation. The image shows the area indicated by a red box in Figure 1b and corresponds to the

area indicated by a green dashed box in (a). Scale bar, 5 nm.
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Figure S3. Relation between width of sheared region and the width of the square lattice region.
“Xx” is the width over which shear is applied in the h-BN bilayer with fixed shear strength of 1 h-
BN unit cell (2.50 A) in the y-direction. The red arrows indicate the square lattice region

resulting from shear. Larger “x” results in a wider region.
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Figure S4. Relation between shear strength and the periodicity of the square lattice region. The
periodicity of region increases per 1 h-BN unit cell (2.50 A) of shear strain in the y-direction.
The width of the sheared region (X) is fixed for the three models.



2. Theoretical analysis of shear strain band
2-1. Deduction of width of shear strain band

In the most stable configuration of h-BN (i.e., AA’ stacking), shear causes elastic deformation
and the formation of other stacking sequences. Therefore, the increase in total energy is
comprised of two parts: the change in elastic deformation energy (AEgp) and the change in van

der Waals interaction (AE,qw) between adjacent h-BN layers.
AEtotal = AEEp + AEyaw 1)
AEgp can be expressed as follows:
AEgp =G x (a/b)®x (h x b x ), (2)

where G is the shear modulus, a is the length of the displacement of h-BN along the zigzag
direction, b is the width of the shear strain band in the armchair direction, and h is the layer
distance in h-BN. Thus, (a/b) is the shear strain and (h * b * a) is the effective volume of the

sheared material (see Figure S5).
The increase of total energy resulting from the vdW term (AE,qw) could be written as:
AEyqwAEygw = o * b * a, (3)
where « is the scaling factor, which is equal to the reduction in vdW energy per area.
Thus, AEa can be obtained as follows:
AEww=G*a’*h/b+a*a*b. 4)
AEiota) IS minimized when % = 0. Therefore, the width of the sheared region at equilibrium

can be expressed as follows:



beq = (G * hla)?* a. (5)

To calculate beg, the shear modulus G and the scaling factor o are estimated theoretically, as

detailed in the following section.

shear direction (zigzag)

armchair direction

Figure S5. Theoretical model used to calculate the increase in total energy caused by shear strain
in h-BN.



2-2. Theoretical estimation of G

We obtained G using the definition in Eq. (2). Four different supercells of h-BN were designed.
The lattice constants are listed in Table S1. All supercells had same a and h but different b
because they had different periodic units along the armchair direction. Shear was imposed along
the zigzag direction with a displacement of 2.50 A, which is equal to a. The value of h was set as
the interlayer distance of h-BN (3.40 A). By only adjusting b, we obtained different values of

AEgp using DFT calculations and determined the average value of G to be 1036.48 meV/A®.

Table S1. Lattice constants and shear modulus for the chosen supercells.

Supercell I I, I I4
, a 2.50 2.50 2.50 2.50
Lattice constant
(A)
b 17.33 25.99 34.65 43.32
Shear modulus (meV/A®) 1026.66  1036.74 1040.19  1042.34

Average shear modulus (meV/A%) 1036.48




2-3. Theoretical estimation of a

The scaling factor a represents the increase in energy per area caused by the reduction in the
vdW interaction between adjacent h-BN layers. To calculate «, we designed a bilayer h-BN
containing a total of four N atoms and four B atoms. The volume of the supercell was 2.50 x
4.33 x 20.00 A3. The bottom layer was fixed, and the atoms in the top layer were slid in 0.1 A
steps until the distance was of a full h-BN unit cell, 2.50 A along the zigzag direction. The

relation between the step distance and AE,qw is shown in Figure S6.

The value of « can then be estimated as the average of the vdW energy difference with the step

distance:

_ ZAE,,dW*Ax _ 29
o= = 2.41 meV/A-. (6)

The dependence of AEia, AEep, and AEqw on the width of the sheared region are shown in

Figure S6. Having obtained G and a, b in the equilibrium state can be estimated as follows:

beq = (a x hla)*x a = 95.6 A =9.56 nm. (7)



vdW Energy Difference (meV)

Figure S6. Relation between the van der Waals (vdW) energy difference and step distance. The

step increment is 0.1 A. The inset shows the model used to calculate a.
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