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Monolayer hexagonal boron nitride (hBN) tunnel barriers investigated using conductive atomic force
microscopy reveal moiré patterns in the spatial maps of their tunnel conductance consistent with
the formation of a moiré superlattice between the hBN and an underlying highly ordered pyrolytic
graphite (HOPG) substrate. This variation is attributed to a periodic modulation of the local density
of states and occurs for both exfoliated hBN barriers and epitaxially-grown layers. The epitaxial
barriers also exhibit enhanced conductance at localised sub-nanometre regions which are attributed
to exposure of the substrate to a nitrogen plasma source during the high temperature growth
process. Our results show clearly a spatial periodicity of tunnel current due to the formation of a
moiré superlattice and we argue that this can provide a mechanism for elastic scattering of charge

carriers for similar interfaces embedded in graphene/hBN resonant tunnel diodes.
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Hexagonal boron nitride (hBN) has emerged as one of the most widely investigated * 2D materials
(2DMs) since the initial isolation of graphene 2. It is an insulator with a large energy gap of ~6 eV and
is isostructural with graphene with a lattice mismatch of only ~1.8% between the two crystals .
Heterostructures based on the two crystals represent a new class of functional electronic materials
39 For example, graphene mounted on the atomically flat surface of hBN has a much higher carrier
mobility due to the reduction of potential fluctuations encountered in early graphene devices
fabricated on SiO, %2, When the crystal lattice of graphene is overlaid on hBN, an additional
physical property emerges, namely the formation of a hexagonal moiré fringe pattern with an
associated superlattice potential which leads to pronounced changes in the in-plane
magnetoconductivity of graphene through the formation of mini-bands and small energy gaps
35813718 Moiré patterns might also be expected when hBN layers are placed or grown on
graphene/graphite. However, there have been very few reports of the formation of such structures
19-21 3lthough these interfaces form an integral part of graphene/hBN resonant tunnelling diodes and
related van der Waals heterostructures #1%2272% |n particular, hBN tunnel barriers have been
exploited to produce resonant tunnelling transistors with gate-controlled negative differential

conductance 272,

In this paper we investigate the influence of the formation of a moiré pattern on the tunnelling
conductance of a hBN barrier. Using conductive atomic force microscopy (cAFM) we show that there
is a pronounced spatial variation in the tunnel current which we attribute to the moiré pattern
formed at an hBN/graphite interface. The effect is observed both in heterostructures formed by
placement of exfoliated hBN, similar to the process used in the fabrication of most resonant

30-33

tunnelling diodes , and also in the interface formed between epitaxially-grown hBN layers and a

graphite substrate.



The hBN/graphite tunnel barrier devices investigated here were fabricated using the ‘dry-transfer’
method 3*, and also from hBN grown epitaxially on highly oriented pyrolytic graphite (HOPG) using
plasma-assisted molecular beam epitaxy (PA-MBE) following protocols which we have recently
reported 1°2%. Samples were then imaged using a combination of AFM/cAFM and scanning
tunnelling microscopy (STM) in ambient conditions. The details of the fabrication and imaging

procedures for these devices are presented in the supplementary information (SI).

Figure 1a shows a schematic diagram of the exfoliated hBN device. The hBN flake is placed on an
exfoliated (multilayer) HOPG layer mounted on a Si/SiO, wafer (oxide thickness 300 nm). A thermally
evaporated Cr/Au contact is deposited on the HOPG and acts as a counter-electrode to the cAFM tip.
An optical micrograph of the HOPG flake and Cr/Au electrode structure is shown in Fig. 1b. The top
surface of the flake is covered in exfoliated hBN flakes which cannot be resolved in bright-field
optical microscopy, so dark-field optical microscopy is used to highlight the edges of the flakes (see
SI Fig. S1b). A monolayer-thick (ML) hBN flake (see Fig. 1c) was selected by performing large area
tapping-mode (AC-mode) AFM scans to identify thin flakes. The thickness of the hBN flake, as shown

in Fig. 1d, was 0.35 + 0.05 nm, close to the expected value for 1 ML of hBN.

Figure 2 presents cAFM data acquired on the exfoliated device shown in Fig. 1; the applied voltage
between tip and substrate is 10 mV. Figs. 2a and b show simultaneously-acquired contact-mode
topography (Fig. 2a) and current channel (Fig. 2b) images of the same region on the ML hBN flake.
The surface has a low roughness as indicated by the red line profile in Fig. 2c with no distinct
features such as step edges/gaps on the hBN surface; any residual surface roughness is likely due to
the underlying SiO, support substrate. However, the tunnel current image (Fig. 2b) clearly shows an
11.7 £ 0.1 nm period moiré pattern which is detectable over the entire surface of the hBN flake,
indicative of a single crystalline domain. Using a simple geometric relationship® and assuming that
the hBN is unstrained, we calculate a rotational mismatch of 0.66 + 0.02° between the HOPG and

hBN lattices from the measured moiré periodicity with an expected moiré twist angle of 27.5°



relative to the graphite lattice. We have separately confirmed that the hBN and HOPG lattices are
aligned by performing high-speed contact-mode imaging on the hBN flake and HOPG surface near
the hBN flake (see Fig. S4b and c). Measurement of the twist angle of the moiré pattern relative to
the HOPG lattice (27 £ 1°) also agrees with the expected angle calculated above (Fig. S4d). The
formation of the moiré pattern results in a periodic decrease of ~50 % from the peak value of tunnel
current along the principal axis of the hexagonal moiré pattern, as shown by the blue line profile in
Fig. 2c, with no correlation with the height profile in Fig. 2a. Figure 2d also shows atomic lattice
imaging of the hBN surface (acquired in contact mode using high speed scanning, see Sl) which

confirm the expected lattice spacing of 0.25 + 0.01 nm for hBN 3.

A schematic of the PA-MBE hBN tunnel barriers is shown in Fig. 3a. As with the exfoliated device, the
bulk HOPG substrate provides a counter electrode to the cAFM tip and is electrically connected using
conducting silver paint. Following growth (see Sl), the HOPG surface is almost completely covered in
monolayer-thick hBN (and some regions of bilayer (BL) and multilayer hBN around HOPG step-
edges). Optically, the sample has a uniform contrast when observed using bright field microscopy
and no surface detail due to the growth is observed (see Fig. S1a). The contact-mode AFM image of
the surface topography of the PA-MBE hBN in Fig. 3b shows the laterally polycrystalline ML hBN
domains for a sample with a high surface coverage. The expected ~0.35 nm step height of ML hBN is
observed in measurements at the edge between ML hBN and uncovered HOPG (see Fig. 3c), in

agreement with our previous AFM measurements of MBE-grown hBN on HOPG 1920,

Figure 4 presents cAFM data for the device with PA-MBE-grown hBN on HOPG. Figure 4a shows the
topography of a region consisting of several hBN domains. The central region with darker contrast
(i.e. topographically lower) is the HOPG substrate (labelled) which has remained uncovered by hBN
growth. Figure 4b shows a cAFM image for the top half of the region in Fig. 4a. The line profiles along
this central region (blue and red lines in Figs. 4a and b) are plotted in the inset of Fig. 4a where

exposed HOPG is present indicates that the uncovered HOPG has significantly higher tip-sample



junction conductance, as expected. Also indicated in both Figs. 4a and b are the positions where
images Fig. 4 c and e were acquired. High-resolution images of the hBN domains are shown in Figs.
4c and e. In some domains, we observe moiré patterns in the tunnel conductance signal. An example
is shown in Fig. 4c in which a spatial variation of tunnel current with a period of 13.5 0.1 nm is
observed, indicating a small rotational mismatch of 0.25 + 0.04° between the hBN and HOPG lattices
3. A line-profile across the moiré pattern along this feature (Fig. 4d) shows a ~50 % decrease in the
tunnel current from the maximum value along the moiré fringes, similar to the variation observed in
the measurements of the exfoliated hBN device. In addition to the periodic variation, some localised

regions of higher surface conductance are observed which are discussed later.

In addition, Figure 4e shows one hBN domain in which no moiré pattern is resolved. This suggests
that any moiré pattern present has either a period or amplitude which is too small to resolve,
possibly due to the misalignment of hBN and underlying HOPG. The current spikes in the
conductance profile and bright features in the cAFM current maps (Fig. 4c-e) are consistent across
several scans and are observed both on hBN domains that show moiré fringes and also those on
which no moiré pattern is resolved, indicating localised regions of high surface conductance. Analysis
of the increase in conductance at these spots (See Fig. S2) shows a typical 2 to 3-fold increase
relative to the average conductance of the whole cAFM image for the regions shown in Figs. 4c and e

respectively, with some regions showing increases as high as a factor of ~13.

High resolution lattice imaging (and simultaneous acquisition of tunnel current signal; Fig. 4g and h)
of the hBN lattice around these regions of high conductance yield the periodicity of the hBN lattice
(0.25 £ 0.01 nm) as is the case for the exfoliated device shown in Fig. 2. This allows us to image the
individual regions of high conductance and shows that they are localised around an area of
approximately one lattice site, although we do not observe any lattice vacancies or defects in
contact mode images of the hBN layer in this region (Fig. 4g). As no vacancy is observed in the lattice

of the PA-MBE hBN layer using topographic imaging, we speculate that the highly conducting regions



observed in our MBE hBN samples may be caused by defects in the underlying HOPG substrate,
introduced, for example, by exposure of the HOPG substrate to a N, plasma during the growth
process 6. In order to test this hypothesis, we imaged the regions of HOPG not covered by hBN
growth with cAFM. A current map of a region of exposed HOPG is shown in Fig. 4f and reveals a non-
uniform current density profile, similar to the region in Fig. 4e with ML hBN coverage. For these
regions, however, we were unable to achieve lattice-level resolution in both height and current-
channels. To further investigate the effect of N, plasma on the HOPG surface, we subjected clean
HOPG substrates to the same high-temperature conditions used to grow the PA-MBE sample shown
in Figs. 3 and 4, both with and without the presence of an N, plasma. cAFM images of these samples
(Fig. S3a and d) show clearly that defects are formed on the surface through exposure to the N,

plasma rather than high temperature annealing alone.

Since the formation of a moiré superlattice between hBN and graphite modifies the local density of
states (LDOS) of the hBN layer, we performed ambient STM imaging in order to confirm our cAFM
observations. STM can typically provide better contrast than cAFM as it is highly sensitive to
variations in surface LDOS and has potentially higher lateral resolution than AFM in ambient
conditions. Figure 5 presents constant-current STM images of the PA-MBE hBN surface. As expected,
large-area STM images of the PA-MBE hBN surface show that multiple domains of ML hBN and some
regions of BL hBN are present; these are shown in Fig. 5a. Several different surface features appear
in the main image which confirm the laterally polycrystalline nature of the grown hBN layers; these
are revealed in more detail in the further sub-figures. In addition, the STM images show that a range
of moiré periodicities are present, confirming that there are multiple rotational alignments with the
substrate *%°, Figure 5b shows two neighbouring hBN domains which exhibit moiré patterns of
differing rotational alignment with the underlying HOPG, the left domain having a moiré period of
~16 nm and the right domain of ~14 nm, indicating that both of these domains are closely aligned
with the HOPG lattice. Interestingly, the larger moiré period (~16 nm) region has a periodicity

greater than the maximum moiré period expected for aligned HBN and HOPG lattices (~14 nm). This



indicates that the hBN lattice is compressively strained by ~0.24 % in this region, assuming that the

hBN and graphite lattices are perfectly aligned 131437-39,

Figure 5c and associated line profiles in Fig. 5j confirm the presence of the small, high-conductance
regions on the hBN surface in our STM images. This supports our cAFM observations in Fig. 4. Figure
5d-i show images of both ML and BL regions of hBN that have a common rotational alignment.
Figure 5d shows a BL hBN island (darker contrast due to reduced tunnel conduction through the
thicker hBN) surrounded by ML hBN. High resolution imaging of both the ML and BL islands (Fig. 5e
& g) show that both regions exhibit aligned, short-period moiré patterns with a periodicity of 2.4 +
0.01 nm, suggesting that the BL region is growing epitaxially on the ML hBN with a common
misalignment of 5.8 + 0.3° to the underlying HOPG3. Further imaging of another epitaxial BL region
neighbouring the ML region in Fig. 5d is shown in Fig. 5i, this area also exhibits a moiré pattern
aligned with the ML region with the same 2.4 nm moiré periodicity, indicating that they also share a
common rotational alignment with the HOPG substrate. It is possible that these regions with smaller

moiré periods correspond to areas where no moiré is resolved in cAFM images.

Our measurements reveal the presence of local electronic moiré effects in hBN tunnel barriers due
to rotational misalignment of both exfoliated and PA-MBE-grown hBN on HOPG. The periodic
current modulation which we observe in cAFM implies that tunnelling electrons in a hBN/graphene
heterostructure experience a variation in potential landscape with a period equal to that of the
moiré pattern. It might be anticipated that this periodic variation would provide a source of elastic
scattering *° in which the in-plane wave vector, k, of a tunnelling electron would be scattered by kiy
(i=1,2), the reciprocal lattice vector of the moiré pattern, and this mechanism may also be relevant

to the buried interfaces formed in graphene/hBN resonant tunnelling diodes.

The topographic structure of the two types of hBN tunnel barrier studied here differ significantly
from each other. Nevertheless, despite some differences in their microscopic structure, cAFM

imaging of ML hBN shows broadly the same tunnel current behaviour, with both samples exhibiting



hexagonal moiré patterns. In addition, for both exfoliated and PA-MBE grown devices, our maps of
tunnel current reveal a similar variation in the tunnel current along the principal axes of the moiré
pattern. The observation of a moiré pattern with a periodicity larger than expected for aligned hBN
on graphite is particularly interesting since it implies that in these areas the lattice mismatch
between the hBN and graphite must be reduced which would be consistent with a compressive

strain in the epitaxial growth layer.

Our observations of an increased localised conductance in the MBE-grown hBN samples, which we
attribute to plasma-induced defects in the HOPG, show that the effects of substrate damage need to
be considered in the future fabrication of 2DM vdW heterostructures grown using plasma-assisted
methods. We plan to follow up these observations with studies using a combination of low
temperature UHV AFM and STM measurements in order to fully characterise the electronic
behaviour of these defects. Overall, our results show that moiré effects, which have been
demonstrated to lead to pronounced changes in the properties of graphene on hBN, also lead to
significant modifications of the electronic properties of the inverse structures, namely hBN on
graphene. These differences are present in both the epitaxial and exfoliated devices, thus offering
the prospect of high-quality epitaxial materials by growing at high temperatures using PA-MBE. This
technique could provide a platform for the growth of hBN/graphene heterostructures in which strain

and moiré pattern modulation of electronic properties can be introduced in a controlled way.
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FIGURES
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Figure 1. a) Schematic of exfoliated hBN/HOPG tunnel barrier device. b) Bright-field optical
image of the device. The white box indicates the approximate position of the exfoliated hBN
flakes. Dark-field optical imaging of this region is given in the supporting information, see Fig.
S1. c) AC-mode AFM image of part of the region indicated by the white box in image b,
showing a monolayer hBN flake. d) Line profile along the region indicated by the blue line in
¢ demonstrating the monolayer thickness of the exfoliated hBN flake.
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Figure 2. cAFM images of the exfoliated hBN/HOPG device shown in Fig. 1. a) Height-channel
image of the surface topography of hBN. b) Current map of the same area as in image a,
exhibiting an 11.7 nm moiré pattern due to rotational misalignment between the hBN and
HOPG lattices (cAFM tip bias: +10 mV). c) (top) Height profile along the line indicated in a.
(bottom) Conductance profile along the line indicated in b showing a spatial variation in tunnel
current across the hBN surface (bottom). d) Contact mode lattice image showing the hBN

lattice and expected hBN periodicity.
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Figure 3. a) Schematic of PA-MBE hBN/HOPG device and the experimental setup for cAFM imaging.
b) Contact mode AFM image of MBE hBN on HOPG; the arrow indicates a region of HOPG not
covered by PA-hBN growth. c¢) Contact mode AFM images of multiple hBN domains around a small
region of HOPG not covered by hBN growth (dark indicated area). d) Height profile along the red
line in c indicating the monolayer hBN thickness.
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Figure 4. Topographic and cAFM images of PA-MBE grown hBN on HOPG; the label in each image indicates the
imaging mode (top label) and/or the surface being imaged (bottom left label). a) contact-mode AFM image
showing PA-MBE hBN domains with an exposed area of HOPG indicted by the labels. The boxes show the
positions of the high-resolution scans of the hBN domains for images ¢ and e. (inset) Line profiles along the
regions indicated by the blue and red lines in a and b respectively at an interface between PA-MBE hBN and
exposed HOPG. b) Current channel image of the top half of a. The labelled boxes correspond to the same regions
labelled in a, showing where high resolutions scans were taken. c) Tunnel current map of the region indicated
by the topmost white box in image b showing a moiré pattern with a period of 13.5 nm. d) Line profile across
the white line in image c showing the variation in tunnel current. e) Tunnel current channel image of non-
aligned PA-hBN exhibiting no moiré pattern in the current signal. f) Current map of an exposed HOPG region
with no hBN overgrowth. g) Contact mode AFM image showing the hBN lattice. h) Tunnel current channel of b
showing localised hot-spots of increased conductance. i) Height profile (top) and tunnel current profile (bottom)
along the blue and red lines marked in g and h respectively. All cAFM images were taken with a tip bias of +100
mV with the exception of h which was acquired using a tip bias of +10 mV.
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Figure 5. Constant current STM images of hBN grown on HOPG using PA-MBE. a) STM image
showing multiple domains of hBN grown on HOPG. The white boxes indicate the regions shown in
images b, d and i respectively. b) Moiré patterns visible on either side of the boundary between
two hBN domains, indicated by the white box in a. The moiré periods on the left and right domains
are 16 nm and 14 nm respectively. ¢) STM image of a monolayer hBN domain on HOPG without
moiré patterns showing small regions of increased brightness (i.e. higher STM topography). The
profiles indicated by the coloured lines are shown in j. d) STM image of a bilayer (BL) hBN domain
surrounded by monolayer (ML) hBN as indicated by the box in a. e) Moiré patterns visible on ML
hBN region in d. f) Zoom of e showing lattice-level contrast of ML hBN domain. g) STM image of
moiré patterns visible on BL hBN domain shown in d. h) Zoom of g showing lattice-level contrast
of BL hBN. i) STM image showing border between ML and BL hBN as indicated by the white box in
a. In both regions, moiré patterns are visible and have a periodicity of 2.4 + 0.1 nm for both the ML
and BL regions respectively. j) Constant current profiles along the lines indicated in ¢ showing small
regions with increased tunnel conductance.
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