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Abstract

Monolayers of hexagonal boron nitride (hBN) are grown on graphite substrates using
high-temperature molecular beam epitaxy (HT-MBE). The hBN monolayers are observed to grow
predominantly from step edges on the graphite surface and exhibit a strong dependence of the
morphology, including the dominant crystallographic edge, of the hBN monolayers, on the growth
temperature, as well as systematic variations in growth rate and coverage, and significant
differences in the growth at monolayer and multilayer graphite steps. At graphite monolayer steps
hBN grows laterally across the surface on the lower terrace, but hBN growth on the upper side of
the graphite step is more limited and is nucleated by three-dimensional clusters. Multilayer graphite
steps exhibit a much higher density of non-planar hBN aggregates and growth on both the upper
and lower terraces occurs. The results show that the hBN monolayer growth edge type, hBN island
shape and the presence of hBN aggregates can be controlled in HT-MBE, with the highest quality
layers grown at a substrate temperature of about 1390 °C. Sequential HT-MBE growth of hBN,
graphene (G) and a second cycle of hBN growth results in the formation of monolayer thick lateral
hBN-G-hBN heterostructures, in which a strip of G is embedded between monolayers of hBN.

1. Introduction

There has been a surge of interest [1] in hexagonal
boron nitride (hBN) due to its technological poten-
tial for deep ultraviolet (DUV) photonics [2, 3],
single photon emitters [4], and through its incor-
poration into van der Waals (vdW) heterostructures
[5] as either a substrate, tunnel barrier or capping
layer. While the technological potential of hBN has
attracted the attention of many leading international
groups, high-quality hBN material has proved diffi-
cult to grow in either bulk form, or as thin films.
hBN exhibits many structural similarities with
graphite, including the same honeycomb structure,
vdW interlayer bonding and an in-plane lattice con-
stant, which although larger than graphite, differs
only by 1.8% [6]. Electronically, hBN is a large
bandgap semiconductor, ~6 eV [1, 2], in bulk, mul-
tilayer and monolayer form [7]. hBN is commonly

© 2021 The Author(s). Published by IOP Publishing Ltd

used to encapsulate two-dimensional (2D) materials
as a strategy to improve device performance, as its
inert nature protects against degradation and con-
tamination [8]. Due to the lack of dangling bonds and
charge impurities hBN is also an excellent substrate
for 2D materials, such as for the growth of graphene
(G) [5]. However, large area hBN layers are difficult to
reliably produce, a limitation on which progress has
only recently been made.

Chemical vapor deposition (CVD) has become
the primary low cost method for the growth of hBN
layers. The growth has been explored on various
transition metal substrates, as is common in CVD
due to the associated catalytic nature at high temper-
atures. Similar to CVD-grown G, the most popular
choices of substrate for monolayer hBN CVD growth
are Cu(111) and Ni(111) due to the small lattice
mismatches, which facilitate commensurate growth,
and the low solubility of B and N [9-11]. Recent
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studies have established the production of high qual-
ity and large scale growth of hBN on metallic sub-
strates [11-16]. However, limitations remain, due to
difficulties in retaining the quality of the grown hBN
layers when transferring to standard semiconductor
substrates for functioning devices. Rapid progress has
been made in the production of hBN on non-metallic
substrates, both with CVD [17] and mainly by metal-
organic chemical vapour deposition [18-21].

To date there has been relatively little focus on
the production of hBN by molecular beam epitaxy
(MBE), but there are potential advantages to its
development. In this process the substrate temper-
ature, growth time, and deposition rate are control-
lable, with the potential to optimise and manipu-
late the resulting hBN interfacial quality and growth
morphology. Multiple connected growth chambers
configured with the requisite sources can be used
to produce samples while maintaining a vacuum
throughout the growth. Using MBE helps avoid the
sample contamination issues that arise from the etch-
ing and layer transfers required for device fabrication
by CVD [22]. The growth of hBN via MBE has been
studied previously using a wide variety of substrates
such as diamond(001) [23, 24], Ni(111) [25-28],
cobalt [29-31], sapphire(0001) [32] and highly ori-
ented pyrolytic graphite (HOPG) [7, 33-35], see
Cheng et al 2018 and the references therein [33].
Graphite provides a good surface for hBN growth due
to its low lattice mismatch, and isostructural similar-
ity to hBN.

We have recently developed high-temperature
MBE (HT-MBE) for the growth of hBN at temper-
atures from 1250 °C to 1700 °C [7, 33-36]. We
have demonstrated that by growing hBN on HOPG
substrates at these extremely high temperatures it is
possible to produce monolayer and few-layer thick
boron nitride with atomically flat surfaces, which
are essential for future 2D and DUV applications.
The hBN coverage can be reproducibly controlled by
the growth time, substrate temperature and boron
to nitrogen flux ratios. We have demonstrated that
if the epitaxy temperature is decreased to under
1250 °C, the optical properties of the hBN layers
degrade 33, 36].

In addition to the standard conventional hBN-G
vertical heterostructures, recent studies have focused
on the development of novel 2D lateral heterostruc-
tures. These lateral heterostructures consist of mul-
tiple connected monolayer thick materials within
the same atomic plane. Recently, it has been shown
in two review articles on the subject [37, 38], that
many 2D devices fabricated with the use of lat-
eral heterostructures can demonstrate superior per-
formance or have novel and unique transport and
optical properties. Lateral heterostructures can be
successfully realised and are now actively stud-
ied not only in the hBN-G combination, but also
in WSe,—WS,, MoS,-MoSe, semiconductors and
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many other 2D material systems [37, 38]. Lat-
eral heterostructures have several potential advant-
ages over vertically stacked 2D materials struc-
tures, such as eliminating the possibility of interlayer
contamination [37, 39].

Theoretical modelling of G-hBN based lateral
heterostructures was crucial for their rapid develop-
ment, interface engineering of their electronic prop-
erties and prediction of their potential device applic-
ations [39—-41], as described by Wang et al [37] and
Wang et al [38] and other references therein. Theoret-
ical modelling has proven effective in explaining band
alignment of 2D hBN-G lateral heterostructures and
the origin of epitaxial growth from zigzag and arm-
chair edges [39, 41].

Whereas vertical 2D heterostructures can be pro-
duced by exfoliating and stacking 2D layers, lateral
2D heterostructures can only feasibly be produced by
an epitaxial growth process. In this case, step edges
on the surface act as nucleation sites for sequential
monolayer growth and become the interfaces of the
developed heterostructures. The main method for the
growth of lateral hBN-G heterostructures so far is
CVD [37, 38]. There are different approaches in the
CVD growth of lateral heterostructures. In sequen-
tial CVD epitaxy of hBN and G monolayers, step-
flow growth is a self-assembled process, where it is
difficult to control the shape and size of the inter-
face. In sequential CVD epitaxy, there is also a prob-
lem of thermal-induced degradation of the previ-
ously grown layers, due to different required epitaxial
temperatures [37]. That has increased the interest
in CVD of hBN-G heterostructures using a spatial
control based on photolithography and etching tech-
niques. For example, the G layer can be initially grown
by CVD, then patterned with photolithography, the
unwanted areas can be etched, followed by a second
cycle of selective epitaxy of the hBN layer [37]. The
direct selective chemical conversion of G layers to
hBN stripes has also been explored using CVD, res-
ulting in lateral hBN—G 2D heterostructures [37].

The properties of hBN-G lateral heterostructures
are dependent on the interfaces and geometries of the
alternating domains of hBN and G [39, 42]. Previous
works in lateral heterostructures have employed G
and hBN, aiming to obtain a tuneable band gap from
the integrated hybrid monolayer or novel electronic
and magnetic properties from domain interfaces
[43—47]. Studies making use of CVD epitaxy have
achieved some success [48-53], leading to the forma-
tion of atomically thin lateral devices [37, 54-56]. The
lateral 2D hBN-G devices allow mono-atomically
thin circuitry and at the same time are likely to
remain mechanically flexible and optically transpar-
ent, allowing transfer to arbitrary substrates for flex-
ible and transparent electronics [55]. For example,
the first hBN-G 2D resonators and 2D field-effect
transistors for flexible 2D optoelectronics have been
reported [54].
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Here we focus on utilising HT-MBE, a poten-
tially scalable and clean epitaxial technique, to invest-
igate the growth of hBN—G-hBN lateral heterostruc-
tures on graphite substrates. The hBN monolayers on
graphite grown here were produced using a nitrogen
plasma source coupled with an electron beam evap-
orator to provide a source for boron. The substrate
temperature ranged from 1080 °C to 1520 °C, and
the width of the resulting hBN epilayers growing from
the graphite substrate steps, typically ranging from
~30 to 150 nm, varies with growth time and substrate
temperature. The G HT-MBE growth was achieved by
the electron beam evaporation of high-purity graph-
ite. Our earlier studies focus primarily on the DUV
optical and electronic properties of the hBN mono-
layers [7, 33, 34, 36], whereas here the main emphasis
will be placed on the HT-MBE control of the shape
of hBN monolayer islands. Subsequent HT-MBE lat-
eral growth of hBN, G and a final hBN monolayer,
results in a monolayer-thick lateral hBN-G-hBN
heterostructures.

2. Experimental

The growth of hBN and G layers was studied using
a custom-designed dual chamber Veeco GENxplor
MBE system, modified to achieve, in each cham-
ber, substrate temperatures up to 1850 °C (meas-
ured using a thermocouple) under ultra-high vacuum
(UHV) conditions on a rotating substrate [7, 33-36,
57, 58]. In one of the HT-MBE chambers, a stand-
ard Veeco RF plasma source is used to produce a
flux of active nitrogen for the growth of hBN. All
hBN layers investigated in this paper were grown
using a fixed RF power of 550 W and a nitrogen
flow rate of 2 sccm. In the same chamber there are
two independent MBE sources for boron, a Veeco
high-temperature effusion Knudsen cell and a ver-
tical electron beam evaporator EBVV 63-T4, pro-
duced by Dr Eber]l MBE Komponenten GmbH. Both
sources are filled with high-purity (5 N) elemental
boron, which contain a natural mixture of 'B and
10B isotopes. During hBN growth with the e-beam
source, a current of 50 mA and accelerating voltage of
6 kV were used. Growth times of 20 mins, 40 mins,
and 1 h resulted in hBN monolayer surface cover-
age up to, typically, 50% of the surface. Through-
out growth the substrate was held at temperatures
between 1080 °C and 1520 °C, as specified for each
sample.

The growth of G layers was performed in a second
HT-MBE chamber within the same UHV system. A
similar vertical electron beam evaporator EBVV 63-
T4 was fitted with a high-purity pyrolytic graphite
charge as anode target to produce the carbon flux for
G growth. Details of the G HT-MBE system can be
found elsewhere [35, 57, 58]. During G growth the
e-beam current was increased to, typically, 300 mA,
with an accelerating voltage of 5 kV and the substrate
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temperature was estimated to be 1390 °C for all
samples.

HOPG substrates (10 x 10 mm?) with a mosaic
spread of 0.4° were first cleaned by exfoliation using
adhesive tape to obtain a fresh graphite surface for
epitaxy. After exfoliation, the HOPG substrates were
cleaned by immersion in toluene for 4 h, before heat-
ing to 400 °C for 8 h in a flowing (0.15 slpm) Ar/H,
(95:5) atmosphere.

After HT-MBE growth the samples are removed
from the system to allow the acquisition of atomic
force microscopy (AFM) images of the surface. Tap-
ping mode and conductive mode AFM images were
acquired using an Asylum Research Cypher-S instru-
ment with NuNano Scout 70, and Spark 70 Pt
probes respectively. Distinguishing between mater-
ials is primarily achieved using the phase channel
(tapping mode), and the conductive channel (con-
ductive AFM). Conductive AFM current images were
obtained by measuring current flow under an applied
bias between tip and sample of —50 mV (the tip is
earthed). All images were then processed with the
Gwyddion software package [59].

Additionally, X-ray photoelectron spectroscopy
(XPS) measurements were performed to establish the
elemental composition of the grown material. The
XPS measurements show that there are minimal con-
taminants in the systems; these results are presented
in supplementary information (SI) (available online
at stacks.iop.org/2DM/8/034001/mmedia).

3. Results

Figure 1 shows AFM images of samples following
HT-MBE of hBN at substrate temperatures ranging
from 1080 °C to 1520 °C with a growth time of
40 min. Several features are common to all samples.
Firstly, hBN monolayers grow outward from step
edges in the graphite and the monolayer width
reduces as the temperature is raised, which can be
observed from figures 1(a)—(d). Straddling the steps
are amorphous aggregates of boron nitride, which
appear in topographic AFM images as bright spots or
lines, with a density which is reduced as the growth
temperature is increased. Other key points in these
AFM images, which will be discussed in greater detail
below, are the differences in the shape of the hBN
monolayer facets, and the presence of h BN monolay-
ers on the upper and lower graphite terraces close to a
HOPG step. In addition, there are pronounced differ-
ences between the growth of hBN nucleated at mono-
layer and multilayer graphite steps.

In figure 1(a) the sample grown at 1080 °C shows
monolayer hBN islands with, predominantly, a tri-
angular shape. The majority of the grown hBN is
nucleated at HOPG step edges, but there are also
hBN islands nucleated on the HOPG terraces. In
figure 1(b), grown at higher temperature, a significant
reduction in aggregate presence is observed at all
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Figure 1. (a)—(d) hBN monolayer growth from mono- and multilayer steps of graphite. Insets have been selected to highlight the
regular or irregular nature of the hBN edges for the respective samples. For each image, the scale bar is 200 nm. Images (a), (¢c),
and (d) used tapping mode, whereas (b) was taken in contact mode. In (a) the triangular shape of the hBN growth edge is very
clear, and is highlighted in the inset. In (b) the hBN growth edge shape is close to triangular, though some right angles are
observed along the top left edge. Comparing the HOPG step edges, the multistep graphite edge on the right shows growth above
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and below the step, alongside significant aggregate formation, as opposed to the monolayer graphite step on the left, which is
identified by the green dashed line due to the low contrast between the hBN and graphite at the interface. The presence of the
interface was identified in cAFM, as discussed later. (c) The growth edge shape is closer to hexagonal. The steps in the centre
exhibit no aggregate formation, and notably no hBN growth on the upper terrace close to the graphite step. (d) The hBN
monolayers at the highest temperature are small and the edge shapes are not well defined. No aggregates or growth on upper
terraces adjacent to steps are seen at these temperatures. The profiles (e)—(h) are presented to identify monolayer or multilayer
steps in (a), (b) and (d). Additionally, the profiles in (a) and (b) are labelled with number of monolayers (ML) for each step.

The profile in (b) provides an estimation of the height of aggregates in comparison to the hBN monolayers of the surface, and the
arrow marks the position of the hBN/HOPG interface corresponding to the dotted line in (b).

hBN step terraces. Triangular facets evolve on many
of the growing hBN islands, but there is very little
nucleation on terraces (unlike figure 1(a)). A notable
difference is observed in the growth and aggregate
formation close to multilayer and monolayer HOPG
steps; the monolayer graphite step, identified with the
dashed line (and the arrow in figure 1(f)), exhibits
almost no aggregate presence and hBN growth occurs
predominantly on the lower terrace. Identification of
the HOPG/hBN interface on the left of the image was
carried out using conductive AFM (see SI). In con-
trast, the multilayer HOPG step on the right-hand
side exhibits growth on the upper and lower terraces
and a much higher density of aggregates. These prop-
erties are typical of hBN samples grown at all temper-
atures, though the differences are more pronounced
as the growth temperature is increased. At higher
growth temperature, figure 1(c), the hBN grows as
hexagonal islands with very little aggregate formation
at monolayer graphite steps. At the highest growth
temperature, 1520 °C, figure 1(d), there is a near
complete absence of boron nitride aggregate forma-
tion, but a much-reduced surface coverage of grown
hBN layers. For each sample the width of the hBN
monolayer growing from the HOPG edge is approx-
imately constant across the surface, but the width var-
ies with temperature, and, when varied, growth time.

Figure 2 highlights the dependence of the differ-
ence between growth from monolayer and multilayer
HOPG steps on substrate temperature. Figures 2(a)
and (b) were acquired using conductive AFM

in which the topography in contact AFM mode
(figure 2(a)), and the current flowing from a metal-
coated cantilever (figure 2(b)) to the sample, are
simultaneously measured. It can be difficult to dis-
tinguish a difference in topographic height between
the growing hBN and the graphite step from which
it nucleated (at least in the absence of additional
aggregate formation), but there is clear contrast in
the conductive AFM images (figure 2(b)) due to the
pronounced difference in electrical properties of hBN
and HOPG. Figure 2(a) shows a region of the surface,
which includes growth from a monolayer HOPG step
in the bottom and a bilayer HOPG step at the top of
the image. Close to the monolayer HOPG step there
is only a small topographic height variation between
hBN and HOPG, but the difference in material is clear
in the conductive image, in which the dark regions
correspond to HOPG, which has higher conductiv-
ity, while the lighter regions correspond to hBN. This
comparison shows the presence of a growing hBN
terrace from a HOPG monolayer step and also illus-
trates that in this region there is less hBN growth on
the upper as compared with the lower HOPG terrace.
The bilayer HOPG step in the top of the figure has sig-
nificant aggregate growth and there is less difference
in growth of hBN on the upper and lower graphite
terraces.

The trends apparent in these images are con-
firmed through a systematic analysis of the volume
of aggregate material along HOPG edges identified as
mono- or multistep. This can be extracted from the
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Figure 2. The relationship between hBN, graphite monosteps/multisteps and the reduction/increase in presence of overstep
growth and aggregate presence. (a) depicts a contact mode AFM image of hBN growth and (b) a conductive AFM channel
acquired simultaneously, for a 1250 °C grown hBN sample. A monolayer HOPG step on the left is highlighted with a dashed line
in the topography image. Notably there is no aggregate growth observed on the monolayer step over the length of the 500 nm
image. For all of the above sub-images the scale bar represents 100 nm. (c) Depicts the significant reduction in aggregate presence
on hBN samples as temperature increases from 1080 °C to 1390 °C. Monolayer graphite steps consistently exhibit a comparative
reduction in hBN aggregate density, compared to the multilayer graphite steps. Finally, (d) and (e) are diagrams of the cross

topographic images using Gwyddion’s [59] ‘flooding’
tool and is then normalised by the length of the
steps, leaving an area value which corresponds to
the average cross-section of aggregates on each edge
(five 5 pm square images have been analysed at each
growth temperature). The results are summarised in
the histogram shown in figure 2(c), which confirms
that aggregate growth is lower at monolayer HOPG
steps, and that, for all types of steps, reduces as sub-
strate growth temperature is increased. The aggreg-
ated material should be minimised if clean interfaces
are required, such as in the production of lateral or
vertical heterostructures, and high growth temperat-
ures provide a route to this objective. Figures 2(d) and
(e) provide a schematic of the growth at multilayer
and monolayer HOPG steps, respectively.

Figure 3 shows the influence of the growth tem-
perature and time on the morphology and size of
resulting hBN layers. Triangular and hexagonal hBN
monolayer islands are revealed in (a) and (b). The
alignment of the facet edges is determined from
images of the islands with lattice resolution, which
are shown in the insets and confirm that two different
edge configurations, zigzag and armchair, are present,
in, respectively, images (a) and (b). This assignment
is consistent with the arguments of Liu et al [45] that
hexagonal and triangular hBN islands or domains
are associated with, respectively, armchair and zigzag

edges. As discussed in Liu et al, the expected hBN
island edge selection depends on the chemical poten-
tial of the B and N constituents and thus the relat-
ive concentration of the B and N species on the sur-
face during growth, which is additionally expected to
depend on growth temperature [45, 60]. As is depic-
ted in figures 1(a)—(d), we observed a general trans-
ition of the most prevalent hBN island edge from zig-
zag at lower substrate growth temperatures, to arm-
chair at higher temperatures.

Figures 3(c) and (d) show the dependence of
the width of the hBN layer on the growth time and
substrate temperature, respectively. The width of the
hBN sheet, as we define it here, is the average of the
width of the hBN monolayer sheet over the length of
an edge obtained by division of the area covered by the
hBN sheet by the length of the edge. The results col-
lated in (c) and (d) were taken from all edges on mul-
tiple 5 ym square images for each sample. At higher
substrate temperatures a significant reduction in hBN
width is observed. As a result, an optimum substrate
growth temperature of ~1390 °C can be determ-
ined, which minimises aggregates (figure 2(c)), while
retaining significant hBN layer formation. The aver-
age hBN monolayer coverage over the surface for a
40 min growth at 1390 °C is 10%. Higher hBN cov-
erage can be obtained, while minimising aggregate
density, by increasing the growth time. The growth
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Figure 3. (a) and (b) show clear examples of hBN growth with different dominant facets. The scale bars are 200 nm (main
images) and 1 nm (insets). The main images are contact-mode AFM topography images, whilst the insets are conductive channel
images taken with a voltage of —50 mV. (a) Shows a zigzag edged island grown on a sample at 1080 °C. The higher temperature
hBN sample, shown in (b), clearly depicts a hexagonal shape preference of the growth at 1390 °C. The insets are acquired over the
smaller areas within the islands outlined by a black square; these images have lattice resolution allowing identification of the
lattice directions, which are highlighted in blue and also overlaid on the islands in the larger scan. These show that the island
facets are parallel (a) and approximately perpendicular (b) to the lattice vectors allowing identification of zigzag and armchair
edges in, respectively, (a) and (b). (c) and (d) are bar charts showing how the hBN sheet widths varies with (c) growth time, with
a constant substrate temperature of 1250 °C, and (d) growth temperature, with a constant growth time of 40 min.

Figure 4. The variance in the grain boundaries formed during hBN growth, where two distinct types of boundary growth are
observed. The scale bars are 200 nm (a) and 100 nm (b), respectively. (a) Shows boundaries that are curved, and not perpendicular
to the HOPG/hBN interface. These curved hBN boundaries are commonly observed in the lower temperature samples.

(b) Straight, hBN boundaries aligned perpendicular to the step edge are observed most commonly in the higher temperature

samples.

of a second hBN monolayer is most commonly
observed along highly aggregated HOPG multisteps,
or from growth on hBN monolayer steps, as seen in
figure 2(a). Thus, the loss of aggregates at higher tem-
peratures would appear to reduce the available nuc-
leation sites for a second monolayer, improving the
viability of this method for the formation of single
monolayer hBN applications.

In figure 4 we identify two distinct grain bound-
ary regimes: (a) shows curved hBN grain boundaries
that tend to merge as the growth progresses; (b) shows
straight, hBN grain boundaries, parallel to the dir-
ection of growth. The grain boundaries are observed
originating from the HOPG step edges and propagat-
ing alongside the hBN domains as they grow. These
boundaries were observed in tapping mode AFM as
raised tracks on the hBN monolayer sheet, or in
conductive AFM as a reduction in conductivity. In

lower temperature grown hBN samples, such as that
shown in figure 4(a), curved hBN external bound-
aries are identified. The domain boundaries are ori-
ented at an angle to the direction of growth, which,
if two boundaries meet, can lead to the enclosure
of some domains as the growth proceeds. This may
be caused by the mirroring of domains, originating
from the dual component nature of hBN. If adjacent
domains are mirrored (i.e. the positions of B and N
atoms are reversed) they will not merge thus result-
ing in a boundary. At higher temperatures, as shown
in figure 4(b), straight hBN island grain boundaries
are observed aligned with the direction of growth,
and thus perpendicular to the graphite step edge. As
we established above, higher growth temperature res-
ults in hBN domains with armchair edges, as high-
lighted by the blue line in figure 4(b). These regions
are therefore consistent with the growth of armchair

6
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Figure 5. Sequential HT-MBE growth of hBN-graphene-hBN lateral heterostructures. Scale bars represent 200 nm. (a) Shows the
formation of hexagonal hBN—graphene—hBN islands. The width of the second, external, hBN epilayer varies as the graphene
transitions between armchair and zigzag edges. (b) Phase image highlighting the greater prevalence of domain boundaries in the
second (encapsulating) hBN monolayer, as opposed to the initial first hBN growth. (c) Is a schematic diagram of the islands from
(a), identifying hBN—graphene—hBN layers and their edges. (d) The profile is taken from (a) and shows a monolayer step height of
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terminated hBN islands from a zigzag terminated
HOPG edge.

Figure 5 shows samples in which hBN, G and a
final hBN epilayer have been sequentially grown by
HT-MBE in two growth chambers without removal
from the UHV system between cycles of growth.
These are considered a crucial step to the formation
of lateral hBN-G-hBN heterostructure devices. The
images in figure 5 show a sample grown at 1390 °C,
with an initial hBN growth time of 150 min, followed
by a 1 min G growth, and encapsulated with a final
hBN growth at 1390 °C for 10 min. The total sheet
widths after three cycles of hBN-G-hBN monolayer
growth on the surface of HOPG is 285 4 10 nm. This
is consistent with the widths obtained in figures 3(c)
and (d), assuming the width is proportional to growth
time.

In figure 5(a) two small hexagonal islands are
observed on the surface of a larger hexagonal struc-
ture. The central hBN islands in the core of these small
structures are bilayer regions of hBN formed in the
first hBN growth cycle on a much larger monolayer
hBN island. In subsequent cycles of growth, G, and
then hBN, grows from the edges of these core hBN
islands formed in the first growth cycle. In figure 5(a)
the G strip appears as a slightly darker region and
the second hBN forms the brighter area, which grows
from the edge of the G. There are two different types
of lateral heterostructures in figure 5(a). First, around
the small initial core hexagonal hBN islands, the
hBN-G-hBN lateral heterostructure is growing on the

surface of a hBN monolayer, formed in the first cycle
of growth. At the same time, the second hBN-G-hBN
lateral heterostructure, with similar, but not identical,
dimensions is growing from the edge of a large hBN
monolayer directly on the surface of HOPG substrate.

Figure 5 highlights the conformal nature of the
lateral heterostructure. In figure 5(a) the shape of
the first hBN layer is clearly hexagonal, as expec-
ted for this HT-MBE growth temperature, with each
hBN edge following the armchair direction. The G
layer initially grows with an armchair edge, follow-
ing the first layer hBN monolayer edge direction, but
undergoes a transition to zigzag edge close to the
vertices of the inner hBN hexagon, similar to pre-
vious observations by Thomas et al [35]. Figures 5
(a) and (b) show the near-uniform width of the G
epilayer, the width only changing significantly close
to hBN vertices. Excluding these regions, the aver-
age G epilayer width is 25 + 2 nm for the regions
growing on HOPG, and 23 + 2 nm growing around
the hexagonal bilayer hBN islands. As can be seen in
figure 5(a) the width of hBN growing in the second
cycle is 34 + 1 nm on the HOPG substrate, but
20 £ 1 nm around the hBN islands. This implies the
growth rate of the encapsulating hBN sheet is higher
when grown on HOPG as compared with the regions
grown on the surface of the monolayer hBN reveal-
ing a substrate dependence of the HT-MBE growth of
hBN. Finally, figure 5(d) shows profiles from which
the widths of the outer two epilayers are determ-
ined, alongside a small height difference observed
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between the G and hBN monolayers in our con-
tact AFM images (an apparent height difference can
arise due to material-dependent probe—surface inter-
actions and differences in material properties such as
elastic constant, frictional coefficient etc, which result
in small, cantilever-dependent variations in the equi-
librium tip position under the constant force condi-
tions used in contact mode AFM). This has been also
observed by other research groups [61, 62]). Overall,
figure 5 demonstrates that highly uniform G mono-
layers have been grown conformally from a nucleat-
ing hBN monolayer and can subsequently be encap-
sulated by a second hBN strip to form a hBN-G-hBN
lateral heterostructure.

Lateral hBN-G-hBN heterostructures grown by
the developed HT-MBE method have abrupt hetero
interfaces between hBN and G monolayers and
good width uniformity, as shown in figure 5. The
abruptness of these interfaces and width uniform-
ity are similar or even better, than in lateral struc-
tures obtained by CVD growth techniques, for
example, demonstrated recently by sequential CVD
growth of G-hBN-G [63] or G-hBN [64, 65] lateral
heterostructures.

4. Conclusions

In conclusion, we have studied the HT-MBE epi-
taxy of hBN monolayers on a graphite HOPG sub-
strates. It has been shown that the HT-MBE growth
can be tuned by substrate growth temperature to min-
imise BN aggregates formation on the hBN surface,
and to alter the preferred edge of the hBN mono-
layer grain sheet. Monolayer thick hBN, grown at a
higher temperature, exhibited armchair edges, min-
imal aggregate presence, and a reduced but signific-
ant width of the hBN monolayer sheet. The growth
temperature of 1390 °C is identified as the temper-
ature of choice for HT-MBE for reducing aggregates
while retaining the quality of hBN layers. Subsequent
HT-MBE epitaxy of hBN, G and hBN monolayers
demonstrate a capability for the growth of lateral
hBN-G-hBN heterostructures with edges structure
control.

The hBN-G interface of the monolayer thick
lateral heterostructure defines their resulting elec-
tronic and magnetic properties. Therefore, our future
HT-MBE studies will concentrate on the exploration
of growth parameters to improve the quality of these
monolayer thick hBN-G lateral heterointerfaces.
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