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Abstract

Hexagonal boron nitride (2-BN) has leng been recognized as an ideal substrate for electronic
devices due to its dangling-bond-free surface, insulating nature and thermal/chemical
stability. These properties of the 2-BNimultilayer are mainly determined by its lattice
structure. Therefore, to analyse.the lattice structure and orientation of 4-BN crystals becomes
important. Here, the stacking orderand wrinkles of #-BN are investigated by transmission
electron microscopy (TEM). It is expetimentally confirmed that the layers in the 2-BN flakes
are arranged in the AA"stacking. The wrinkles in a form of threefold network throughout the
h-BN crystal are oriented along the armchair direction, and their formation mechanism was
further explored by molecular dynamics simulations. Our findings provide a deep insight
about the microstructure of #-BN and shed light on the structural design/electronic
modulationssof two-dimensional crystals.
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1. Introduction

Hexagonal boron nitride (2-BN) is an insulating layered
material that has attracted intense attention due to its wide
bandgap and extreme stability [1-4]. Single-layer A-BN is
covalently bonded through sp? hybridization and forms
multilayer #-BN via van der Waals forces [5]. Multilayer /-
BN has been widely used as either a substrate or an
encapsulating layer to produce stable van der Waals
heterostructures composed of various two-dimensional
crystals [3,6-11]. Theoretical studies showed that the most
stable stacking order in multilayer 2-BN is AA’ [12], which is
quite different from the stacking order in graphite [5,13-16].
The aligned porous stacking order of #-BN plays an important
role in the ability of multilayer #-BN to isolate hydrogen by a
plasma treatment, while due to its different stacking order,
such isolation cannot be performed using graphite [17]. In
layered materials, the stacking order may greatly influence
structural deformations that have been extensively studied in
mechanics and optics [18,19]. Additionally, deformations
such as wrinkles and ripples can strongly influence the
physical properties of materials [18,20-24]. Moreover,
wrinkles can form potential edgeless nanocapillaries for the
transport of ions and molecules [25-27]. A-BN films supported
by other substrates may form wrinkles due to thesnegative
thermal expansion coefficient of 4A-BN [19,28-30]. Detailed
investigations of the structure of A-BN wrinkles are still
necessary for potential application of 4-BN.

Here, we investigated the stacking order and wrinkles of
multilayer 2-BN by conventional and scanning-transmission
electron microscopy (TEM/STEM). Furthermore,  high-

temperature annealing in oxygen was carried out to investigate
the anisotropic etching of the 2-BN multilayer. Atemic force
microscopy (AFM) measurements showed that the triangle-
shaped holes etched in the adjacentlayers'of multilayer #-BN
have opposite orientations. This provides experimental
confirmation of the AA’ stackingdn the multilayer 7-BN.
Molecular dynamics simulations were performed to
understand the formation mechanism of oriented wrinkles on
multilayer #-BN. The presence of wrinkles provides an easy
and rapid method for the ideatification of the crystallographic
orientation of A-BN.

2. Results

To investigate the lattice structures of multilayer #-BN, &-
BN flakes prepared by exfoliation were examined by TEM
and STEM. Figure 1a shows a plan-view STEM-MAADF
image of a multilayer /#-BN flake. The e-beam energy is set at
60 keV to, minimizesthe damage to the lattice of 4-BN. The
flake has a thickness of 5 atomic layers. The periodic bright
spots“correspond to individual atomic columns in the
honeycomb arrangement with a lattice constant of 2.5 A,
which is in/good agreement with the value recorded in the
literature (Figures 1d-e) [5,31]. As shown in Figure 1a, the
h-BN multilayer exhibits a porous structure. It is observed that
the pores of the hexagonal network in each layer are precisely
aligned. We also find that each atomic column along the
direction of the incident electron beam shows similar contrast.
Tt is found that the STEM image shown in Figure 1a matches
very well with the simulated result, which is exhibited in
Figure S2. Thus, the similar contrast confirms that the 4A-BN
multilayer is found in the AA’ stacking arrangement [32,33].

Figure 1. High-resolution STEM investigation of a multilayer 2-BN. (a) Plan-view STEM-MAADF image of the multilayer 4-BN. The
inset shows the Fast Fourier Transform (FFT) pattern for the STEM image. (b-c) Cross-sectional STEM images of #2-BN multilayer cutting
along they[10-10] (Armchair edge) (b) and [11-20] (Zigzag edge) (c) orientations, respectively. (d) Schematic top view of #-BN crystal with
thecrystal lattice parameters. (¢) 3D schematic of a 4-BN bilayer in the AA’ stacking.
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Figure 2. Anisotropic etching in multilayer 2-BN. (a) Schematic of an AA’ stacked #2-BN bilayer etched with triangle-shaped holes with
edges of the same termination. (b) Atomic force microscopy (AFM) height image of multilayer's-BN where only the top ~-BN layer is etched.
(c) Height image on multilayer #-BN where the second layer of #-BN was alsoretched. (d) Height profiles along the dotted lines in (c). (e-f)

Corresponding AFM friction images of (b-c).

The hexagonal pattern shown in the inset of Figure 1a was
obtained by Fast Fourier Transform (FFT) and also consistent
well with the AA’ stacking order of multilayer 4-BN.

Cross-sectional TEM/STEM measurements ere  also
carried out to confirm the stacking order of the h-BN
multilayer. Two different slabs with the orientations along
[10-10] (armchair edge) and [11-20] (zigzag edge) (Figure S1)
were obtained by focused ion beam (FIB) cutting: Figure 1b
shows the cross-sectional STEM-MAADF /image “of ; the
multilayer £-BN cut along [10-10]. The simulated diffraction
pattern of 4-BN is also shown in the Suppeiting Information
Figure S4, and is in good agreement with/the &xperimental
results. In this figure, each bright spot is'acombination of two
atomic columns, as observed from the atomic model presented
in the inset of Figure 1b, because thespacing between the
nearest-neighbor boron and niffogén, atoms is only 0.72 A,
which is below the STEM, resolution. The intensity line
profiles of the lattice are shown in,the Supporting Information
Figure S3. The cross-sectional STEMiimage of the multilayer
h-BN cut along the [11-20] direction is shown in Figure 1c,
and the simulated result is{ shown in the Supporting
Information Figure S5. Unlike in Figure 1b, in this STEM
image (Figure 1¢), each bright spot corresponds to an atomic
column.

In addition to TEM/STEM measurements, the etching of /-
BN at high'temperature was also carried out to investigate the

stacking order. The multilayer #-BN samples obtained by
mechanical exfoliation were first annealed in argon/oxygen at
900°C in order to clean the surface, and then were heated to
1200°C in pure oxygen at the pressure of 5-6 Pa. As shown in
Figure 2a, when two adjacent layers of #-BN were etched, the
triangle-shaped holes in the upper and lower layers always
have opposite orientations because of the AA’ stacking order
of h-BN. Figure 2b-f are the experimental atomic force
microscopy (AFM) results. As shown in Figure 2b, the
triangle-shaped holes of the top layer of 2-BN have the same
orientation. Once the second layer is etched, the orientation of
these triangle-shaped holes in the second layer will be
opposite to the orientation of the holes in the top layer (see
Figure 2c¢). The height profiles presented in Figure 2d
indicate that the triangle-shaped holes are only one layer deep.
Thus, the etching experiment is in agreement with the AA’
stacking order in multilayer #-BN. According to the kinetic
Wulff construction model, the edges of the holes etched in
each layer of #-BN should be terminated by the edges with the
lowest etching rate [34]. A-BN is a binary compound with a
layered structure, and therefore, the monoatomic layer etching
usually shows anisotropic etching to form a triangle-shaped
pattern. Thus, the experimental results confirm that the
multilayer #-BN is found in the AA’ stacking arrangement.
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Figure 3. Crystal-oriented wrinkles on multilayer /#-BN. (a) Schematic of 2-BN wrinkle formation, with the black arrows indicating the
direction of the strain. (b) Optical image of wrinkled #-BN on quartz after annealings(c) Optical image of wrinkled 4-BN on Al2Os after
annealing. (d) AFM image of the crystallographically oriented wrinkles on multilayer #-BNon quartz. The inset shows the FFT image of this
topography. (e) A magnified view of a “Y-type” junction where the wrinkles are oriented by 120° with respect to each other. (f) A magnified
AFM image of a straight wrinkle. The circular inset shows a lattice-resolution AFM image of the 4-BN.

As shown in Figure 3, a network of wrinkles is observed
on the 4-BN flakes after high-temperature annealing. Figures
3b and 3c show the optical images of the #-BN flakes on the
quartz and Al,Os substrates, respectively, after annealing at
1200°C. Figure 3d shows the AFM image of annealed,z-BN
on quartz. It is observed from Figure 3d, that the wrinkles
always exhibit separation angles of ~60°. The FFT image
inserted in Figure 3d shows that the wrinkles are oriented
along the specific crystallographic orientations'ef #-BN. The
formation of these wrinkles is mainly due to the'mismatch in
the thermal expansion coefficient between /-BN and the
substrate. The in-plane thermal expansion coefficient of 7-BN
is negative at room temperature while it“is positive in most
materials, including SiO, and Al,Os. Therefore, hi-BN on the
substrate is subjected to compressive stress_ after cooling,
leading to the formation of the wrinkles (Figure 3a). These
wrinkles either form “Y-type” junctions or.reémain as straight
dislocations as shown in Figures 3e and 3f. The formation of
the wrinkles is related to the threefold symmetry of the 4-BN
lattice. The lattice-resolution AFM.image shows that the
wrinkle is oriented along the armchair direction of #-BN (See
inset in Figure 3f). It is.clear that the wrinkles can be used to
easily determine thererystallographic orientation of 4-BN [9-
11].

The wrinkles ‘were observed by STEM, with the beam
energy maintained at 60 keV in order to minimize the damage
to the lattice. The results are shown in Figure 4. Since the two
sidewalls of\the wrinkle are approximately parallel to the

incident direction of the electron beam, the thickness of the
wrinkle can/be measured directly. Figure 4a shows that the
thickness of the wrinkle is 5 atomic layers. A magnified view
shows'that the lattice spacings in the lateral and vertical
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Figure 4. STEM investigation of crystal-oriented wrinkles on
multilayer #-BN. (a) A STEM-MAADF image of a wrinkle on
multilayer £-BN. (b) Magnified view of (a) showing a sidewall of the
h-BN wrinkle. (c) Profile of the image intensity along the
longitudinal axis of the white dashed frame in (b). (d) Cross-sectional
STEM image of a h-BN wrinkle corner. The dashed frame inserted
shows the strain region.
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directions are ~0.22 nm and ~0.34 nm, respectively (Figures
4b-c, and Figure S6 in the supporting information). The
wrinkle is clearly oriented along armchair orientation..The
electron energy loss spectroscopy (EELS) measurement is
also carried out to investigate /-BN wrinkles (Figure S7).
Figure 4d shows the cross-sectional STEM bright-field (BF)
image of a h-BN wrinkle corner that indicates the strain zone
is located at a small region as shown in the dashed square
(more details are shown in Figure S8).

An examination of Figure 4a shows that the inner width of
the empty channel in the wrinkle is less than 2 nm, which is
on the order of molecular size, enabling the wrinkle to serve
as a transport channel for ions or water molecules. The width,
height and density of the wrinkles can be controlled by
changing the A-BN thickness, substrate type and annealing
temperature, as described in greater detail in the Supporting
Information (Figures S9-11, Table S1). Recent research has
shown that small ions and water molecules can be transported
through patterned nanocapillaries of 2D materials obtained by
lithography patterning and transfer stacking techniques [25].
Compared with those nanocapillaries, a wrinkle-based
channel can be easily implemented and does not suffer from
the presence of dangling bonds. Therefore, such nanowrinkles
may be useful for the development of nanoparticle separation
and nanofluidics.

The geomtric analysis and theoretical simulation were
carried out to understand the mechanism of wrinkle formatiof.
As shown in Figure S12, the 4-BN lattice is easy to wrinkle
along armchair direction as the density of B-N bonds bent is
the lowest. The geometric analysis was shown in the

armchair
~e
-
.
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Supporting Information. In the simulation, the energy
variations of wrinkling along the zigzag and armchair
directions in #-BN multilayers were investigated by molecular
dynamics (MD) simulations that were performed, using the
LAMMPS package [35]. The atomic structures of the wrinkles
in the AA’ stacked multilayer #-BN after relaxation are;shown
in Figures 5c and d, respectively. The MD/simulations and
force field parameters are described in greater detail in the
supporting information.

The energy difference AE between the wrinkled, and flat
states was calculated as AE = (E,, =E[)/S, where E, is the
total energy of the wrinkled A-BN multilayer, Ey is the total
energy of the flat 2-BN multilayer, and S.is/the area of flat /-
BN. As shown in Figure 5e, AE of the wrinkle along the
zigzag direction is always larger than that of the wrinkle along
the armchair direction. The energy difference AE,., between
the wrinkle along the zigzag«direction and the wrinkle along
the armchair directions is given by AE,., = AE, - AE,, where
AE, and AE, are the energy differences between the wrinkled
and flat statess for the =zigzag and armchair directions,
respectively. As shown in Figure 5f, it is found that AE,, is
always positive,and AE,., increases monotonically with the
number of layers n for n greater than 9. A lower energy
difference AE. means a smaller energy barrier to wrinkling.
Therefore, the wrinkling of a A-BN multilayer in the AA’
stacking “is» energetically favorable along the armchair
direction, which is in good agreement with the experimental
results.

T
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Figure 5. Atomic configurations of wrinkled #-BN multilayers along the (a) (c) armchair and (b) (d) zigzag directions. The number of layers
is set to 5, and the green and blue spheres represent B and N atoms, respectively. The insets in (a) and (b) show schematics of atomic structures
of h-BN. For both armehait and zigzag edges, the width w of the wrinkle is approximately 7 nm. (e) Energy difference AE between the
wrinkled and'flat #2-BN multilayers as a function of the layer number. (f) Energy difference AE.. between the 4-BN wrinkles formed along

the zigzag and armchair directions. Here, n is the number of layers.
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3. Conclusion

In conclusion, the lattice structure and stacking order in
multilayer 72-BN were investigated by TEM/STEM. The
lattice constant and stacking order are in good agreement with
the theoretical results reported in the literature. Anisotropic
etching of 2-BN always produces triangle-shaped holes with a
depth of atomic monolayer. It was observed that the triangle-
shaped holes obtained in the adjacent layers always had
opposite orientations. This indicates that the multilayer #-BN
is in the AA’ stacking. Furthermore, the negative thermal
expansion coefficient of the #-BN layers often leads to wrinkle
formation in heating-cooling cycles. STEM observations
reveal that the wrinkles of multilayer #-BN are oriented along
armchair direction. Further theoretical results show that
wrinkling along the armchair direction is energetically
favorable. These finding may be helpful for rapid and easy
evaluation of the crystallographic orientation of bulk /-BN.
Additionally, wrinkle formation may play an important role in
strain engineering and nanofluidics in the future.
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