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INTRODUCTION

The methodologies used to synthesize and explore monolayer 
and few-layer two-dimensional (2D) hexagonal boron nitride 
(h-BN) crystals have fascinated researchers worldwide because 
of the rich physics of h-BN’s growth mechanisms, structural 
characteristics, and unique and outstanding properties, which 
are critical for many next-generation 2D-based electronic 
and optical applications (Britnell et al., 2012; Dean et al., 
2010; Watanabe et al., 2009). The large-scale fabrication of 
such films presents unprecedented opportunities for future 
mass manufacturing and commercialization similar to those 
of the Si-based semiconductor industry today. In recent 
years, numerous research groups have attempted to grow 
atomically thin h-BN films and have succeeded in obtaining 
large films of relatively good quality (Jang et al., 2016; Kim 

et al., 2015; Tay et al., 2016b). One of the most successful and 
highly utilized methods developed thus far is chemical vapor 
deposition (CVD) onto catalytic metal substrates (Shi et al., 
2010; Song et al., 2010). Briefly, the growth is carried out at 
temperatures of greater than 1,000oC using BN-containing 
precursors that are introduced either by sublimation of 
ammonia borane or by bubbling of liquid borazine (Kim 
et al., 2013b; Park et al., 2014). Metals with planar surfaces 
such as Cu not only serve as a catalyst for decomposition 
of the gaseous precursors, thereby enabling the deposition 
of atomically flat films, but also inhibit multilayer growth 
because of the relatively low solubility of B and N, thereby 
leading to surface-mediated growth (Kim et al., 2012; Tay et 
al., 2014a). In a well-controlled growth, these films can be 
scaled to single-atom thickness while extending over large 
areas, thus enabling wafer-scale production (Han et al., 2014; 
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Song et al., 2015; Wu et al., 2016). 
Although the prospect of directly using these large films 
in various applications such as the fabrication of 2D 
heterostructure devices is enticing, they may not be truly 
reliable compared to directly exfoliated flakes from bulk 
crystals because the crystal structures contain imperfections, 
contaminants and damage-induced defects that arise from 
various growth conditions and post-growth processes. For 
example, the grain sizes of CVD-grown h-BN films are usually 
in the range from a few to 100 micrometers, which indicates 
a potentially high degree of polycrystallinity. Furthermore, 
unlike graphene, h-BN has a binary configuration and its 
lack of inversion symmetry results in more complex bonding 
structures with unfavorable homonuclear bonds (Gibb et al., 

2013; Li et al., 2015; Liu et al., 2012). The presence of such 
defects is known to alter the properties of h-BN films (Becton 
& Wang, 2015; Li et al., 2015; Mortazavi et al., 2015). Hence, 
to fully exploit these scalable films and achieve better growth 
procedures, deep insights into their structural configuration, 
defects, and growth behaviors are critical. In this review 
article, we give an overview of the various geometric shapes, 
atomic configurations, grain orientations, stacking faults, and 
boundary defects observed in monolayer and bilayer CVD-
grown h-BN films on Cu substrates. We provide detailed 
interpretations of the images obtained via scanning electron 
microscopy (SEM) and transmission electron microscopy 
(TEM) and explain the occurrences of the aforementioned 
characteristics as they relate to h-BN growth mechanisms. 
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Fig. 1. Scanning electron microscopy (SEM) characterization of monolayer single-crystalline hexagonal boron nitride (h-BN) on Cu. (A-H) SEM images 
of h-BN domains grown under different growth conditions; the images depict their various geometric shapes and sizes. SEM images paired with their 
interpreted atomic configurations of the various multifaceted shapes formed by coalescence of multiple (I) triangular-shaped and (J) hexagonal-shaped 
domains. SEM image with its corresponding atomic configuration of (K) mirroring domains with a defect line and (L) aligned domains with a seamless 
boundary. (M) SEM image and its corresponding (N) electron backscatter diffraction (EBSD) map to correlate the h-BN orientations to the Cu facets. (O) 
Schematic of the atomic arrangement of h-BN on different Cu facets. Fig. 1I-K are reprinted from Tay et al. (2016b) (Nanoscale 8, 2434-2444) with the original 
copyright holder’s permission. Fig. 1M-O are reprinted from Wood et al. (2015) (2D Mater. 2, 025003) with the original copyright holder’s permission.
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GEOMETRIC SHAPES AND EDGE 
ASSIGNMENTS

SEM is a powerful tool for rapidly characterizing h-BN 
monolayers grown on Cu (or other metals) substrates and 
should be used directly after growth. Despite the h-BN layer 
being one atom thick, the h-BN domains can be identified 
as the regions with darker contrast with respect to the Cu 
substrate. Fig. 1A-H shows the SEM images of h-BN grown 
on various Cu substrates under different growth conditions 
(Tay et al., 2014a, 2014b, 2016a, 2016b). From these images, 
we can accurately account for the different shapes and sizes of 
the single-crystal domains. To date, the largest reported size 
of h-BN domains remains in the micrometer-scale regime 
(Lu et al., 2015). h-BN clearly tends to form regular shapes 
with well-defined edges, specifically, triangles and hexagons 
except for those grown on liquid Cu (Fig. 1F). Notably, some 
of the “irregular” shapes observed, such as that in the center of 
Fig. 1A, are formed by coalescence of neighboring domains; 
they are not representative of a single-crystalline structure. 
Interestingly, the circular domains grown on liquid Cu tend 
to form closely packed clusters (Fig. 1F). These circular 
shapes have been reported to be formed as a consequence of 
enhanced diffusion of BN radicals along the smooth flowing 
surface (Tan et al., 2015). Although the actual mechanism is 
not well understood, these domain shapes and their unique 
growth pattern are undoubtedly related to the growth kinetics 
differing from those of h-BN grown on a solid surface. 
In the case of the other typical domains with well-defined 
shapes, either triangles or hexagons, their edges are dictated 
by the different types of terminations. Ideally, three types of 
edges can exist: (i) zigzag edges with N terminations (ZZN), 
(ii) zigzag edges with B terminations (ZZB), and (iii) armchair 
edges with alternating N and B terminations. Theoretical 
calculations have revealed that ZZN is the most energetically 
favorable edge (Liu et al., 2011); thus, if the domain shape is 
an equilateral triangle where the adjacent edges have an angle 
difference of 60o, then all of the edges should be assigned 
to ZZN. Indeed, most of the h-BN domains that have been 
reported in the literature are dominated by triangular-shaped 
domains (Kidambi et al., 2014; Kim et al., 2012; Wang et 
al., 2014). However, for the formation of a nearly perfect 
hexagonal-shaped domain, such as those shown in Fig. 1C 
and D, where the adjacent edges have an angle difference 
of 120o, the edges can either be assigned to alternating ZZN 
and ZZB or to purely armchair edges. Recent theoretical 
works have addressed this question and revealed that both 
ZZN and ZZB can coexist in a hexagonal structure when the 
chemical potential balance between N and B is appropriately 
tuned (Zhang et al., 2016; Zhao et al., 2015). Variations in 
the chemical potential of constituent elements can occur 
experimentally when different processes and substrates 

are used or when the Cu substrates are subjected to a pre-
treatment (i.e., oxidation) (Zhang et al., 2016), as in this 
scenario. To date, several other experimental approaches 
to obtaining similar hexagonal-shaped domains have been 
reported (Stehle et al., 2015; Tay et al., 2016b; Wang et al., 
2015a; Wu et al., 2015; Yin et al., 2015b). The coexistence of 
ZZN and ZZB edges is further verified by the observation of 
truncated triangular-shaped domains (Fig. 1H), where the 
long sides are assigned to ZZN and the short sides to ZZB, 
consistent with the Wulff construction theory. 

SEAMLESS STITCHING AND DEFECT LINES

Careful examination of the orientations of the h-BN domains 
in the SEM images reveals that they follow a strict epitaxial 
relation to the Cu lattices, as amplified in Fig. 1I and J. Multi
faceted shapes such as “butterfly” and “6-apex star” conse
quently be observed when two or more adjacent domains 
coalesce in mirroring orientations (Tay et al., 2016b). Close 
inspection of the coalesced domains reveals defect lines, which 
are boundaries between two identical edge terminations that 
are unable to stitch because of unfavorable homonuclear 
bonding (N-N or B-B bonds) (Auwärter et al., 2003). Because 
ZZN is assigned to all the edges for the triangular-shaped 
domains (and long sides for the truncated triangular domains), 
the interpreted atomic configurations of the h-BN domain(s) 
can hence be resolved, as shown below each SEM image. 
Because h-BN has a binary configuration, the lack of inversion 
symmetry where the unit cells are rotated by 60o (BN and NB) 
results in opposite domain orientations. A classic example of 
the generation of a defect line is when two mirroring identical 
triangles merge to form a rhombus shape, as shown in Fig. 
1K. Their ZZN edges meet at the boundary and are unable to 
bond properly, thereby forming a defect line. Some of these 
linear defects split the coalesced domains symmetrically, 
whereas others are formed within the interior into a “lock-
and-key” structure (Wang et al., 2015b). Although the former 
defects, where both domains meet at their edges, are easy to 
visualize, the latter are slightly more complex. During the 
simultaneous growth of two mirroring domains, part of an 
edge of an h-BN domain is caved inward when an adjacent 
mirroring domain grows and extends toward it. The concave 
edge continues to recede to accommodate the growth front of 
the adjacent domain, finally resulting in the “lock-and-key” 
structure (Wang et al., 2015b). The occurrence of these defect 
lines is observed to be random, and they can coexist within 
various merged h-BN domains. However, when the h-BN 
domains are aligned (BN and BN), they can seamlessly stitch 
at the boundary and preserve the single-crystalline structure 
as shown, in Fig. 1L (Wu et al., 2015; Yin et al., 2015a). 
Hence, the latter case is the key to obtaining a mosaic single-
crystalline film that can extend over large areas. 
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VAN DER WAALS EPITAXY

To identify the epitaxial relation between h-BN and Cu, the 
crystallography of the Cu substrate can be mapped using 
electron backscatter diffraction (EBSD) and the mapped 
region can then be correlated to the orientations of the h-BN 
crystals using the aforementioned atomic configurations 
(Wood et al., 2015; Wu et al., 2015). In particular, for this 
analysis, triangular-shaped domains are preferred for the 
identification of a crystal’s orientation. Fig. 1M shows a typical 
SEM image comprising sporadic triangular-shaped h-BN 
domains grown over several different Cu grains. The blue 
and red boxed regions show four and two different rotational 
orientations of the h-BN domains, respectively. Fig. 1N 
shows the EBSD mapping image for the same region shown 
in Fig. 1M. Here the Cu surface orientation in the red box is 
identified as Cu (100), whereas that in the blue box is Cu (111). 
Fig. 1O shows the overlays of h-BN domains on the various 
Cu surface facets. For a Cu (100) surface, the square lattice 
structure gives rise to four symmetrical rotations of h-BN 
configurations (rotated 90o relative to one another), where the 
domain edge is parallel to Cu [011] or Cu [011]. By contrast, 
on the Cu (111) surface, their matching lattice constants 
(~1.8% lattice mismatch) and hexagonal symmetry allows for 

only two symmetrical rotations (rotated 180o relative to each 
other), where the N and B atoms reside exclusively on both 
the hcp and fcc sites occupying the top and hollow sites of 
the metal, respectively (Laskowski et al., 2008). As previously 
mentioned, in both cases, the formation of mirroring pairs is 
because of the lack of inversion symmetry in BN and NB. To 
date, in addition to lattice-matching metals with high-index 
facets such as Cu and Ni, aligned growths of h-BN have been 
reported on Ge and Al2O3 substrates (Jang et al., 2016; Yin et 
al., 2015a). 

GRAIN ORIENTATIONS

The h-BN grain orientations can be further determined by 
TEM with atomic precision inaccessible by SEM imaging. 
The directions of the h-BN lattices are identified by the 
orientations of the diffracted spots in their selected-area 
electron diffraction (SAED) pattern. After the sample is 
transferred onto a TEM grid, some of the single-crystalline 
domains are successfully preserved and their edges can be 
traced, as shown in Fig. 2A (Caneva et al., 2015). When 
multiple suspended regions in the grid holes within the 
domain are characterized by SAED, the single-crystalline 
nature is revealed by the identical positions of each diffracted 
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Fig. 2. Selected-area electron diffraction (SAED) mapping for the determination of grain orientation. (A) Transmission electron microscopy (TEM) image 
and SAED patterns acquired over various grid holes, as denoted 1~5, over a suspended triangular-shaped h-BN domain. (B) Photograph of a TEM grid 
after h-BN transfer. (C) Overlay of seven identical SAED patterns collected randomly over regions 1~4 in (B). (D) SAED pattern with a rotational mismatch 
relative to (C). (E) SAED pattern with two different orientations within a single grid hole. Fig. 2A is reprinted from Caneva et al. (2015) (Nano Lett. 15, 1867-
1875) with the original copyright holder’s permission. Fig. 2B-E are reprinted from Tay et al. (2016b) (Nanoscale 8, 2434-2444) with the original copyright 
holder’s permission.
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spot (Fig. 2A). In addition, the diffraction spots that depict 
the lattice arrangements can be correlated to the traced edges 
that correspond to the ZZ directions, in agreement with the 
predicted theory of ZZN edges for triangular-shaped domains.
The degree of polycrystallinity in a continuous monolayer 
h-BN film can also be determined using SAED. Fig. 2B 
shows a long-range mapping of over 1 mm, where multiple 
SAED patterns were collected for various suspended h-BN 
films marked 1~4 on the TEM grid (Tay et al., 2016b). By 

measuring the angle of the straight line that connects two 
diffracted spots relative to a parallel line across the image 
where both intersect the center, the rotational difference 
in each SAED can be deduced. Fig. 2C shows an overlaid 
image of seven SAED patterns, indicating that the measured 
grains have an identical orientation; by contrast, Fig. 2D and 
E reveal grains with different orientations. Notably, SAED 
characterization cannot identify the inversion of the h-BN 
domains (BN and NB) because both will result in an identical 
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Fig. 3. Dark-field (DF)-transmission electron microscopy (TEM) characterization on monolayer and bilayer h-BN. Selected-area electron diffraction (SAED) 
patterns and their corresponding false-colored DF-TEM images of a (A) mono- and (B) bi-crystalline films, respectively. The yellow and blue regions in 
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acquired by selecting (C) ϕi and (D) ϕo as shown in the bottom inset of (C). The top inset in (C) shows the d-spacing of the lattices, ai and ao, corresponding 
to ϕi and ϕo, respectively. SAEDs with their corresponding DF-TEM images and schematics of strained regions for (E) AB/AC stacking and (F) AA' stacking 
by selecting ϕo1,o2 and ϕi1,i2, respectively. Fig. 3A and B are reprinted from Tay et al. (2016b) (Nanoscale 8, 2434-2444) with the original copyright holder’s 
permission. Fig. 3C-F are reprinted from Kim et al. (2013a) (Nano Lett. 13, 5660-5665) with the original copyright holder’s permission.



Tay RY et al.

222

diffraction pattern. Hence, what appears as a single-crystalline 
film in Fig. 2C, may, in fact, comprise mirroring domains in 
a polycrystalline film. This possibility is important because 
mirroring domains generate defect lines which disrupt the 
pristine nature of a single crystal. 
To physically identify the merged grains with different orien
tations, dark-field (DF) imaging is conducted for a selected 
diffraction spot while the other spots are blocked. The image 
appears bright for the grains in that specific orientation 
and dark for the others. Fig. 3A and B show the SAEDs 
and their corresponding false-colored DF-TEM images of 
mono- and bi-crystalline h-BN films, respectively (Tay et al., 
2016b). For a single-crystalline film, no change in contrast 
is observed because electrons are diffracted in the same 
orientation throughout the film. However, for grains with 
misorientations, the lattices with different orientation(s) 
relative to the selected diffraction spot will be reflected as 
darker regions. Hence, mapping can be realized, and these 
images are used to quantify the grain sizes and precisely 
describe how the grains are merged.  

STACKING FAULTS AND TOPOLOGICAL 
DEFECTS 

Two stable stacking registries are well documented to exist 
for free-standing bilayer h-BN, specifically, AA' and AB/AC 
(Constantinescu et al., 2013). The stacking configurations are 
defined by two parameters: (i) the relative interlayer rotation 
angle (θ) and (ii) interlayer translation vector (τ) (Kim et al., 
2013a). For AA' stacking, θ rotates by 60o for the second layer 
relative to the first; by contrast, for AB/AC stacking, τ shifts 
with no rotational difference. In both cases, heterogeneous 
pairs are overlapped where the energy is at minima. DF-TEM 
can also be used to identify the stacking configurations that 
exist in CVD-grown h-BN bilayers because the two different 
stacking configurations will result in either constructive or 
destructive interferences of the diffracted electrons (Kim et 
al., 2013a). Two sets of hexagonal diffraction spots (ϕi and 
ϕo) indicate the lattice spacing of ai and ao (insets of Fig. 
3C), respectively. When imaging using ϕo, no phase change 
occurs along ao for either type of stacking. Thus, the diffracted 
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Fig. 4. Twisted bilayers and moiré patterns. High resolution-transmission electron microscopy (TEM) images of (A) a monolayer, (B) region with a 
second layer superimposed on the first, and bilayers with (C) 3.28o, (D) 9.84o, (E) 18.51o rotational differences relative to the first layer. Top insets show the 
corresponding fast Fourier transforms. Bottom insets in (C-E) show the generation of moiré patterns with respect to their interlayer twist angle.
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electrons interfere constructively and the multilayer regions 
appear brighter than the monolayer regions (Fig. 3C). By 
contrast, when imaging using ϕi (Fig. 3D), in the case of AA' 
stacking, the heterogeneous pairs fully eclipse one another; 
thus, no phase difference is observed (i.e., constructive 
interference). In the case of AB/AC stacking, however, 
phase shifts occur along ai by 2π/3 and 4π/3, which result in 
destructive interferences of diffracted electrons (Brown et 
al., 2012). Hence, by comparing the images in Fig. 3C and D, 
the multilayer regions with AA' or AB/AC stacking can be 
determined, where the dark regions of the multilayers in Fig. 
3D correspond to AB/AC stacking.
Strain-induced topological defects are commonly observed on 
CVD-grown h-BN films (Kim et al., 2013a). When imaging 
using ϕo and ϕi for AB/AC and AA' stacking, respectively, 
as shown in Fig. 3E and F, nanometer-width dark lines are 
observed; however, these lines disappear when another 
diffraction spot is used (i.e., ϕo1 and ϕo2, ϕi1 and ϕi2). These 
dark lines can be interpreted as dislocations of the h-BN 
lattices along the first and second layer, where they are not 
properly aligned to their stable stacking registry. Only one of 
the diffracted spots will reflect the strained lattices because the 
lattice planes change for the particular orientation but remain 
aligned for the others. The topological defects are observed 
to always occur along the armchair direction for AB/AC 

stacking bilayers and along the ZZ direction for AA' stacking 
bilayers, as presented in the schematic illusions in Fig. 3E and F, 
respectively. 
In addition to the intrinsically induced strains that occur 
during growth, synthetic h-BN films grown on metals are 
particularly vulnerable to damage during the subsequent 
transfer. High-resolution TEM images provide intimate 
details of the atomic configuration of h-BN films. In a nearly 
perfectly transferred monolayer film, the hexagonal lattice 
arrangement can be observed, as shown in Fig. 4A. However, 
in some other regions of the transferred film, folding can 
occur as a consequence of rough handling procedures. For 
example, in Fig. 4B, a second layer is superimposed over the 
first, with a different rotational orientation, as determined by 
fast Fourier transform analysis of the monolayer and bilayer 
regions. The relative twist in the second layer generates a 
moiré pattern. Fig. 4C-E show additional examples of the 
different moiré patterns formed by increasing the interlayer 
twist angle. The wavelength of the observed moiré fringes 
decreases with increasing twist angle. Such unconventional 
stacking with interlayer twisting can change certain properties 
of the material, such as the magnetotransport properties of 
graphene (Schmidt et al., 2014).
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Fig. 5. Characterization of grain boundary defects. (A) Atomically resolved transmission electron microscopy (TEM) image of two merged grains with an 
orientation mismatch. Insets show the fast Fourier transforms taken over the respective boxed regions outlined in green, yellow, and blue. (B) Magnified 
image of the grain boundary in (A) with atomic assignments. Black spheres indicate vacancies, blue spheres indicate N atoms, yellow spheres indicate B 
atoms, and red circles indicate possible homonuclear bonds. TEM images of (C and E) a nearly perfect h-BN lattice structure and (D and F) along a grain 
boundary with the presence of 5|7 pairs. Fig. 5A-F are reprinted from Gibb et al. (2013) (J. Am. Chem. Soc. 135, 6758-6761) with the original copyright 
holder’s permission.
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GRAIN BOUNDARY DEFECTS

Convergence of monolayer h-BN grains with rotational mis
match generates unfavorable atomic bonding structures 
along the boundaries, generally referred to as grain boundary 
defects; an example is shown in Fig. 5A (Gibb et al., 2013). 
The micrometer-sized polycrystalline grains produced by 
CVD would hence yield an abundance of such defects. 
To probe the types of bonding structures along these 
boundaries, atomically resolved TEM with a stringent set of 
parameters is required. Importantly, during TEM imaging, 
triangular-shaped vacancies induced by electron irradiation 
are commonly observed on h-BN films (Jin et al., 2009; 
Kotakoski et al., 2010; Park et al., 2015; Pham et al., 2016; 
Ryu et al., 2015). These holes are induced by monovacancies 
(B vacancies) formed upon electron-beam exposure. The 
formation of B vacancies instead of N vacancies is attributed 
to a lower knock-on energy threshold of B atoms (79.5 keV) 
compared to that of N atoms (118.6 keV) as well as to a 
lower B atomic displacement threshold energy (19.36 eV) 
compared to that of N atoms (23.06 eV) (Kotakoski et al., 
2010). Both the B and N atomic displacement rates increase as 
defects transform from monovacancies into multivacancies, 
resulting in triangular shaped defects with ZZN edges because 
the threshold energy of N displacement remained higher 
than B displacement (Kotakoski et al., 2010). Hence, a low 
acceleration voltage of 80 kV (or lower) should be used 
and mapping of individual atoms can be accomplished by 
identifying the monovacancies as B atoms, as shown in Fig. 
5B (Gibb et al., 2013). 
Fig. 5C-F show atomically resolved TEM images of the 
crystalline structure within the interior of an h-BN grain and 
along the grain boundary, along with their corresponding 
magnified images (Gibb et al., 2013). The images unam
biguously reveal that the bonding structures along the 
grain boundary differ from the regular hexagonal structure 
comprising pentagon–heptagon pairs (5|7) (Gibb et al., 2013). 
In theory, and recently observed experimentally, another 
energetically more favorable structure exists; this structure 
is referred to as square–octagon pairs (4|8) (Liu et al., 2012; 
Li et al., 2015). The assigned atomic structures for the 5|7 
boundary include the presence of homonuclear B-B bonds, 
whereas the 4|8 boundary solely comprises heteronuclear 
B-N bonds (Li et al., 2015). For both 5|7 and 4|8 boundaries, 
the band gap decreases in comparison to that of a perfect 
hexagonal structure, where the band gap of the 5|7 structure 
is substantially lower than that of the 4|8 structure (Li et 
al., 2015). In view of the reduction in their band gaps, the 
existence of these grain boundaries may not be strictly 
detrimental because it could offer a way to tune the electronic 
properties of the h-BN films if appropriately engineered. 

EXPERIMENTAL METHODS

Method details for images that are not reprinted can be 
found in the references cited in the main text. For Fig. 4, the 
images were collected by TEM (JEOL 2100F) operated at an 
acceleration voltage of 80 kV and using an exposure time of 1 s.

CONCLUSIONS

The geometric shapes and their edge assignments, epitaxial 
relation, stacking configurations, and various defects observed 
in synthetic monolayer and bilayer h-BN were analyzed and 
discussed in this review. Whereas the shapes and sizes as well 
as the method of growth for monolayers and bilayers may vary 
from one laboratory to the next, the mutual understanding of 
their atomic configurations remains unified. Characterization 
by SEM and TEM has been demonstrated to deliver invaluable 
insights into the atomic structures of h-BN, which can be 
interpreted directly or indirectly using known mechanisms 
or existing theoretical calculations. For characterizations that 
require h-BN films to be transferred onto other substrates 
such as TEM grids, the ability to distinguish between struc
tural defects that originated intrinsically during growth and 
those caused by other subsequent post-growth processes such 
as transferring is critical. From a synthesis perspective, the 
quality of the films is determined by (i) grain sizes, (ii) grain 
orientations (including inversions), (iii) structural defects, 
and (iv) atomic smoothness. To achieve better quality films, 
all these aspects should be addressed. Indeed, the future 
commercialization and development of 2D-based electronics 
are highly dependent on the production of h-BN films because 
they are the best-known substrate for 2D materials to date.
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