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Abstract

Integration of graphene and hexagonal boron nitride (hBN) in lateral heterostructures has
provided a route to broadly engineer the material properties by quantum confinement of electrons
or introduction of novel electronic and magnetic states at the interface. In this work we
demonstrate lateral heteroepitaxial growth of graphene nanoribbons (GNRs) passivated by hBN
using high-temperature molecular beam epitaxy (HT-MBE) to grow graphene in oriented hBN
trenches formed ex-situ by catalytic nanoparticle etching. High-resolution atomic force microscopy
(AFM) reveals that GNRs grow epitaxially from the etched hBN edges, and merge to form a GNR
network passivated by hBN. Using conductive AFM we probe the nanoscale electrical properties of
the nanoribbons and observe quasiparticle interference patterns caused by intervalley scattering at
the graphene/hBN interface, which carries implications for the potential transport characteristics

of hBN passivated GNR devices.

1. Introduction

Graphene and hexagonal boron nitride (hBN) have
become the cornerstones of two-dimensional (2D)
electronics as an exceptional conductor and dielec-
tric, respectively. Due to the small lattice mismatch
(~1.8%) of graphene and hBN it is possible to form
lateral heterojunctions between the two materials
leading to new opportunities for the fabrication of
atomically thin devices and circuitry [1-3]. Lateral
heterostructures of graphene and hBN have attrac-
ted interest due to their widely tuneable electronic
properties, and potential to exploit the spin prop-
erties of the interface [4-6]. Broadly, the proper-
ties of lateral graphene/hBN heterostructures can be
tuned according to the relative concentrations of car-
bon and hBN, size and geometry of the domains,
and the structure of the interface [7—-12]. One inter-
esting system to consider is the formation of hBN-
passivated graphene nanoribbons (GNRs). In these
structures, the electronic properties of the GNRs

© 2023 The Author(s). Published by IOP Publishing Ltd

are dictated by the width of the nanoribbons, and
the structure of the interface formed with hBN.
For GNRs with an armchair-oriented interface, a
bandgap can be opened by quantum confinement
as the width of the GNR is reduced, while the
interface remains electronically passive due to the
alternating B—C and C-N bonding along both sides
of the nanoribbon [10, 11, 13]. Alternatively, zig-
zag GNRs form polar interfaces with hBN with
spin-polarised edge states, and are predicted to
exhibit half-metallicity [5, 6, 10, 11, 14]. To realise
and exploit these effects, controlled orientation and
interface formation in hBN passivated GNRs is
imperative.

The formation of 2D lateral heterostructures of
graphene and hBN has been reported using mul-
tiple techniques such as chemical vapour deposition
(CVD) [1, 2, 15-20], high-temperature molecular
beam epitaxy (HT-MBE) [21, 22], and substitutional
doping or chemical conversion [23-25]. For CVD
and MBE-based approaches, GNRs can be formed
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by edge-templated growth of graphene from hBN
edges. Recently, chirality controlled hBN edges have
been formed in exfoliated hBN flakes by local
catalytic hydrogen etching using transition metal
nanoparticles (NPs) [26-29]. This has enabled tem-
plated growth of GNRs embedded in hBN by sub-
sequent graphene growth using plasma-enhanced
CVD [26, 28]. Transport measurements in these
works demonstrated respectable carrier mobilities of
~1500 cm? V™! s7! and scattering mean-free paths
of 50-80 nm, suggesting high quality interfaces, but
details of carrier scattering at the interface remains
unknown.

In this work we demonstrate lateral heteroep-
itaxial growth of GNRs on nickel (Ni) NP etched
hBN flakes by HT-MBE. Catalytic directional etching
of the hBN flakes by Ni NPs produces a predomin-
antly zigzag oriented network of monolayer deep hBN
trenches which form a template for GNR growth. We
study the early growth stages of the GNRs using high-
resolution atomic force microscopy (AFM) and show
that the growth rate differs between B-terminated and
N-terminated zigzag edges at elevated temperatures.
Using conductive AFM (cAFM) we show that fully
grown GNRs form a conductive network embedded
in the hBN surface, and show evidence of intervalley
scattering at the graphene/hBN interface which, we
argue, is likely to influence the transport properties
of the GNRs.

2. Experimental details

2.1. Substrate preparation

Substrates were prepared by mechanical exfoliation
of hBN single bulk crystals onto single-side polished
sapphire, graphitised silicon carbide (SiC), or 90 nm
SiO,/Si substrates. Following hBN exfoliation sub-
strates were immersed in toluene overnight to remove
tape residue, then blow-dried with N, before loading
into a tube furnace to be annealed at 700 °C for 8 h
under flowing H,/Ar (5%, 0.15 slpm).

2.2. Ni particle etching

Ni was deposited on the substrates by thermal evap-
oration from high-purity Ni wire under high vacuum
conditions (P < 5.0 x 107° Torr). The deposition
rate, monitored by a quartz crystal microbalance, was
maintained at 0.02-0.04 nm s~ to achieve nominal
thicknesses of 0.2-0.4 nm. To produce a variable Ni
particle density across the sample, some samples were
placed a few millimetres below a shadow mask during
deposition. Samples were then removed from vacuum
and placed in the centre of a tube furnace under
flowing H,/Ar (5%, 0.15 slpm) and annealed 330 °C
for 30 min, then ramped to the etching temperature
(900 °C-1100 °C) and held for 60 min before cooling
to room temperature, following the procedure repor-
ted in [27]. To remove the Ni particles, samples were
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chemically etched in HCI before rinsing in deionised
water, acetone, isopropyl alcohol (IPA), and toluene.

Prior to graphene growth the samples were gently
flame annealed or annealed in 5% H,/Ar (0.15 slpm,
800 °C, 8 h) to remove solvent residue. The cleanli-
ness of the samples was verified by AFM and x-ray
photoemission spectroscopy (XPS) before graphene
growth.

2.3. Graphene growth by molecular beam epitaxy
Graphene was grown in a customised dual cham-
ber Veeco GENxplor high-temperature MBE sys-
tem operating at a base pressure ~107!% mbar and
growth temperatures of 1390 °C-1520 °C [21, 22].
Carbon flux was provided using a vertical electron
beam evaporator (EBVV 63-T4, MBE Komponenten
GmbH) with a high purity pyrolytic graphite target.
The e-beam evaporator was operated at 5 kV accel-
erating voltage, and 250-350 mA emission current.
The graphene coverage was controlled by varying the
growth time in the range 2—8 min.

2.4. Material characterization

AFM images were acquired with an Asylum Research
Cypher S instrument using Si cantilevers from
NuNano (SCOUT 70 RAl) with a spring constant of
0.3 Nm (fr = 70 kHz) in AC and contact modes.
cAFM images were acquire using Pt/Cr coated Si can-
tilevers (SPARK 70Pt, NuNano) and bias voltages
applied to the sample. All AFM images were pro-
cessed and analysed using the Gwyddion software
package [30].

X-ray photoemission spectra were acquired with
a Kratos Axis Ultra instrument using a monochro-
mated Al Ko source (hv = 1486.7 eV). XPS data were
analysed using the CasaXPS software package [31].
The energy scales were calibrated by a rigid shift of
the spectra to align the C 1s core level peak for adven-
titious carbon at 285 eV.

Raman spectra were acquired with a Horiba
LabRAM HR Raman microscope using a 532 nm
excitation wavelength focused onto the sample
through a 100x objective giving a spot size of 1 pum.
The laser power was limited to <2 mW to prevent
laser-induced heating or damage to the sample.

3. Results and discussion

Etched hBN layers were prepared by thermal evapor-
ation of Ni onto hBN flakes exfoliated onto oxidised
silicon and sapphire substrates, followed by anneal-
ingin a 5% H,/Ar atmosphere. Figure 1(a) shows AC-
AFM images of the h-BN surface after thermal evap-
oration of nominally 0.2 nm of Ni. This results in 63%
surface coverage of few-nanometre sized Ni nano
particles. During annealing at 900 °C the Ni particles
become mobile on the surface and coalesce into larger
Ni particles, which act as catalysts for the hydrogen
etching of the hBN flakes. As a result, the Ni particles
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Figure 1. (a)—(c) AC-AFM images of the hBN surface and etch tracks (a) after thermal evaporation of a Ni layer with a nominal
thickness of 0.2 nm; (b) after annealing Ni@hBN at 900 °C in 5% H,/Ar for 1 h; (c) after Ni particle removal. (d) Tip height
profiles taken along the green and blue lines in (c). (e) Contact mode AFM image showing lattice resolution of the etched hBN
region in (¢), (f) Zigzag (ZZ) and armchair (AC) lattice orientations extracted from the lattice image in (e).
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create etch tracks in the hBN surface, as shown in the
AC-AFM image in figure 1(b). A higher magnifica-
tion image of the etch tracks after wet chemical etch-
ing to remove the Ni particles is shown in figure 1(c).
From this image it is apparent that the etch tracks are
remarkably straight and adopt a preferential orienta-
tion with respect the hBN crystal lattice as indicated
by the 60° and 120° angles between the etch tracks.
Lattice resolution imaging of the surface by contact
mode AFM allows the lattice directions to be extrac-
ted, as shown in figures 1(e) and (f). From this it can
be deduced that the Ni particles move preferentially
along the zigzag (ZZ) lattice directions during the
etching. The line profiles in figure 1(d) extracted from
the AFM image in figure 1(c) show the presence of
both monolayer (0.36 nm) and trilayer (1.1 nm) deep
etch tracks. Broadly, the hBN samples contain pre-
dominantly monolayer deep etch tracks with very few
etched bilayers or trilayers (figure S2, supplementary
information). It is also noted that the trench edges are
relatively free from contamination, and XPS measure-
ments confirm that there is no detectable traces of
Ni on the hBN surface after the wet chemical etch as
shown in figure S1 (supplementary information).
We further analysed the temperature depend-
ence on the etch track orientations and in figure 2.
Figures 2(a)—(c) shows AFM images of the surface
of etched samples with the same initial Ni cover-
age (0.63 ML). The corresponding distributions of
the etch track orientations measured with respect

to the horizontal axis of the images are shown in
figures 2(d)—(f). At an etching temperature of 900 °C
the etch tracks form preferentially along three sym-
metrically equivalent crystallographic orientations
separated by 60°. As mentioned previously, these
orientations correspond to the ZZ directions of the
hBN lattice. Increasing the annealing temperature to
1000 °C results in a wider distribution of etch tracks
with six preferred orientations separated by approx-
imately 30°, although the distribution about each
preferred orientation is notably broader. It can be
inferred that in this case the tracks adopt both ZZ and
armchair (AC) orientations. Increasing the etching
temperature further to 1100 °C (figure 2(c)) results in
Ni agglomeration to form larger particles and deeper
etched pits in the surface. At the highest annealing
temperature of 1100 °C several etch tracks exhib-
ited sawtooth-like edges and triangular shaped pits
were also observed on the surface, as indicated by the
blue arrows in figure S3(a) (supplementary inform-
ation). At this temperature, the Ni-catalysed etch-
ing occurs in conjunction with thermally activated
hydrogen etching of the hBN step edges. This was con-
firmed by annealing hBN flakes in 5% H,/Ar for pro-
longed periods without Ni particles, shown in figure
S3(b), noting that without the Ni catalyst the etch-
ing requires much longer annealing times. Through
changing the initial coverage of Ni particles and the
annealing conditions we are able to achieve facile con-
trol of the etch track orientation and dimensions, as

3
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Figure 2. (a)—(c) AC-AFM images of Ni particle etched hBN flakes after annealing in 5% H,/Ar for 60 min at (a) 900 °C,
(b) 1000 °C, and (c) 1100 °C. (d)—(f) Histograms showing the distribution of etch track angles from images (a)—(c), in each, the
orientation is measured with respect to the horizontal in the images. The absolute angles for the three histograms do not correlate
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detailed further in figure S2 and associated discus-
sion. In short, the etching temperature has a domin-
ant effect on the Ni NP etching of hBN, but control of
the Ni NP size through the initial coverage and ramp
rate during annealing allows some tuneability of the
width of the etched trenches.

The mechanism behind hBN etching using trans-
ition metal NP catalysts was recently studied theoret-
ically by Ma et al [32]. The Ni particle plays a catalytic
role in the dissociation of B-N bonds as well as the
dissociation of the H, molecule, leading to the forma-
tion of gaseous NH,. and BH, species, where the most
favourable reaction is given by equation (1) [27]

2BN (s) + 6H (g) " BoHy (g) + 2NH; (). (1)

The cutting direction of the NPs is dictated by
the interaction between the metal NP and exposed
hBN edges. The most energetically favourable inter-
actions occur between the Ni particle and either zig-
zag or armchair hBN edges rather than non-oriented
edges. Generally, the etching direction will begin at
step edges (as observed in figure S3(c)) and continue
along a straight path until the particle reaches a hBN
step edge or defect, at which point the Ni particle’s
path will change to maintain the interaction with hBN
on both sides of the Ni particle and continue along

a new path. This gives rise to the types etching pat-
terns seen in figure S3(d) where a particle ‘bounces’
between existing etch tracks to produce nano-sized
hBN triangles.

Following removal of the Ni NPs by wet chem-
ical etching, graphene was grown on the etched
hBN flakes by HT-MBE. AC- AFM images in
figures 3(a)—(c) show GNRs formed around the edges
of hBN etch tracks after graphene growth for 2 min
at a substrate temperature of ~1390 °C. The topo-
graphic images reveal a height difference of around
~0.1 nm between the hBN and graphene, as well as
good phase contrast that allows identification of the
graphene strip. This is shown in the line profiles in
figure 3(d) which are taken along the identical paths
indicated in figures 3(b) and (c), and the graphene
regions are shaded in yellow. Consistent with previ-
ous results, the step flow growth of graphene from
hBN edges results in GNRs with a uniform width
distribution [21, 22]. These growth conditions pro-
duce nanoribbons with a width of 11.1 4+ 1.8 nm,
with the distribution of the nanoribbon widths as
measured by AFM shown in figure 3(e). Where
the width of the hBN trenches is sufficiently nar-
row (or by extending the growth time, as discussed
later), the two opposing growth fronts can merge
seamlessly to produce GNRs embedded in the top
layer of the hBN flake. An example of this is shown




I0OP Publishing

2D Mater. 10 (2023) 035035

] Bradford et al

{d) -
L <
- 0 b=
£ ° 5
3 1
% 02 2
g-04 2 &
0 100 200

Distance (nm)

D
S

Frequency __
o
L

o

8 10 12 14
Width (nm)

Figure 3. AFM analysis of the surface after 2 min HT-MBE graphene growth. (a) AC-AFM topography image of the
edge-templated GNRs grown on etched hBN. The inset arrows show the zigzag and armchair directions of the hBN lattice
determined by lattice resolution imaging. (b) Higher magnification AC-AFM image showing graphene growth from hBN step
edges, with the GNRs indicated by the white arrows. (c) Phase contrast of the same region in (b). (d) Line profiles taken along the
same line in topography and phase images as indicated in (b) and (c). The yellow shaded regions show indicate the graphene
areas. (e) Histogram showing the distribution of the GNR widths. (f) Topography, and (g) lateral force signal measured in contact

mode over a fully merged GNR.

in the high-resolution contact mode images are
shown in figures 3(f) and (g). The topography image
in figure 3(f) shows virtually no height difference
between the GNR and the hBN surface, but con-
trast in the lateral force signal shown in figure 3(g)
enables clear identification of a 33 nm wide ZZ-GNR.
A moiré pattern with a period of ~15 nm along the
length of the GNR (figures S4(a) and (b), supple-
mentary information) suggests that the graphene is
strained by ~0.14% along this direction [33]. Across
all samples we observe moiré periods of up to 25.8 nm
in graphene corresponding to a strain of ~0.84%
(figures S4(c) and (d)). We note that graphene growth
is only observed on monolayer step edges, and mul-
tilayer step edges tend to nucleate carbon clusters,
as shown in figures S4(e) and (f), which we have
similarly observed for the growth of hBN on highly
oriented pyrolytic graphite [22].

For samples grown at higher substrate temperat-
ures we observe differences in GNR growth depend-
ing on the termination of the hBN edge from which it
is nucleated. Figure 4(b) shows a large area image of
partially filled GNRs grown at a substrate temperature
0f 1480 °C. The region contains etch tracks of both ZZ
and AC orientation, where the orientations indicated
by the arrows are determined from lattice resolution
imaging of the hBN (figure 4(e)). Lattice images of
the neighbouring GNR (figure 4(f)) confirm that the

GNR s laterally epitaxial to the hBN edge, which is
consistent with our previous observations for lateral
heterojunctions formed by sequential growth of hBN
and graphene layers [21, 22].

Figures 4(c) and (d) show in higher detail the
regions marked by the blue and green squares,
respectively (enlarged copies can be seen in figures
S5(b) and (c), supplementary information). In these
images the GNRs can be identified as slightly raised
borders on hBN step edges. For GNRs grown from
hBN AC edges, as shown in figure 4(c), there are no
obvious differences between the growth from oppos-
ing edges. The graphene grows to produce nanorib-
bons which are approximately uniform in width, and
the exposed graphene edge generally reflects the mor-
phology of the nucleating hBN edge. For graphene
growth from opposing ZZ edges of the same hBN
etch track, there are clear differences in the GNR
with and edge morphology. This is exemplified by
the growth around a triangular hBN island shown in
figure 4(d). The inner hBN edges of the triangle all
have a common edge termination and have produced
wider GNRs with jagged edges. We note that no dis-
cernible difference in edge roughness was observed
prior to graphene growth, or on GNRs grown at lower
temperatures (~1390 °C, figures 3(a)—(c)) suggesting
that the edge roughness may be related to the stability
of one of the hBN ZZ edges at high temperature.
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Figure 4. (a) Atomic model of a hBN monolayer with cuts along the zigzag direction (left) with opposing boron (B-ZZ) and
nitrogen (N-ZZ) terminations, and armchair direction (right); (b) AC-AFM image of GNRs grown at a substrate temperature of
1480 °C. Inset arrows shows the hBN zigzag and armchair directions determined from lattice resolution imaging; (c) magnified
view of the green box in (b) showing a set of armchair oriented GNRs; (d) magnified view of the blue box in (b) showing a set of
zigzag oriented GNRs; (e), (f) lattice resolution images of hBN and graphene, respectively. The insets show 2D autocorrelation
function (ACF) images used to identify the lattice directions shown by the white arrows.

© Boron
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In contrast, on the outer hBN edges, which pos-
sess the opposite edge termination, the growth res-
ults in relatively narrow GNRs with smooth edges.
We note that this has been observed across multiple
samples, and at different relative scan angles, thus
tip effects on the measured width of the GNRs can
be ruled out. Across all oriented etch tracks shown
in figure 4(a), the difference in width of opposing
GNRs is measured to be 14.9 £ 8.7 nm for ZZ ori-
ented nanoribbons, and 2.9 & 1.2 nm for AC oriented
ribbons (see figure S6 and table S1, supplementary
information).

When an etch track in a hBN monolayer is formed
parallel to the zigzag direction, the two edges have a
different atomic termination. As shown in figure 4(a)
one B-terminated edge (B-ZZ) and one N-terminated
edge (N-ZZ) are formed on either side of the track.
The different edge terminations are not equivalent,
and our observation that different GNR widths are
formed on opposing edges implies that the energet-
ics and related mechanisms of graphene growth are

different on the two edges. Although we are able to
acquire AFM images with atomic-scale resolution in
our experimental configuration it is not possible to
distinguish between B and N atoms in our images.
Nevertheless, it is useful to consider the two main
factors that are likely to contribute to faster graphene
growth along one of the ZZ edges compared to the
other: the energy of C-B and C-N interfaces, and
nanoscale roughness of the edges. C-B-ZZ interfaces
have previously been determined to be the most ener-
getically favourable interface between graphene and
hBN, which may lead to preferential graphene nuc-
leation along the B-ZZ edge [18, 19]. However, if
the differences were governed by interfacial energetics
alone, it might be expected that the differences would
be observed across a range of temperatures; in fact we
observe smooth edges on GNRs grown on both ZZ
terminations at ~1390 °C (figures 3(a)—(c)), and a
uniform width distribution (figure 3(e)), whereas at
higher growth temperatures (~1480 °C) we observe
roughening of the edge of the wider GNR which
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Figure 5. (a) Schematic diagram of the cAFM measurement; (b) topography and (c) current map of the hBN surface after
graphene growth for 4 min at a substrate temperature of 1440 °C. (d)—(f) High-resolution cAFM current maps of GNRs grown
for 4 min at a substrate temperature of 1480 °C. (d) and (e) show moiré modulation of the current, and (f) reveals lattice features
of the nanoribbon. (g) and (i) show lattice resolution cAFM images taken from the centre (g) and edge (i) of the GNR. (h) and (j)
show the 2D fast Fourier transform (FFT) patterns from images (g) and (i), respectively. Fourier filtering has been applied to
enhance the lattice features in (g) and (i), but the corresponding FFTs are from the raw data. Surface bias voltages, Vy, are (c),

occurs on a common ZZ termination. Increasing the
growth temperature further to above 1520 °C results
in apparent breakdown of the hBN edges and widen-
ing of the etch tracks (see figure S7, supplementary
information). This temperature dependence is likely
due to the relative stability of the etched hBN edges
which may lead to nanoscale roughness of the edges,
enabling faster graphene growth. Noting that the
N-ZZ edge is predicted to have higher stability than
the B-ZZ edge [4, 34], both factors lead us to tentat-
ively assign faster GNR growth from the B-ZZ hBN
edge.

The GNRs were further characterised by Raman
spectroscopy as shown in figure S8 (supplementary
information). The spectrum shows the Raman signa-
ture of graphene with peaks at 1345 cm ™!, 1586 cm ™!
and 2688 cm™! corresponding to the D, G and 2D
vibrational modes. In addition, a high frequency
shoulder at 1623 cm ™! is the defect-related D’ peak,
and the D + D’ overtone is visible at 2973 cm™!.
In addition to the graphene-related peaks, a sharp
peak at 1365 cm ™! is attributed to the Ep, LO phonon

mode of hBN. The graphene peak positions align well
with those observed for minimally strained mono-
layer graphene grown on hBN by HT-MBE [33, 35],
and for exfoliated monolayers [36], although the fea-
tures are slightly broadened (see table S2, supple-
mentary information) which may be due to nanoscale
strain variations [37]. The relatively high intensity of
the D band relative to G is to be expected considering
the high edge density of the nanoribbons.

Figure 5 shows cAFM measurements of the GNR
network formed by extending the growth time to
completely fill the hBN trenches. In order to form a
conducting pathway, hBN flakes were exfoliated onto
a graphitised SiC surface. Provided the GNR network
extends to the edge of the hBN flake, a conductive
pathway to an external electrode can be formed via
the conducting, graphitised surface (see figure 5(a)),
and the GNRs can be probed by cAFM. The contact
mode topography and a corresponding current map
shown in figures 5(b) and (c), respectively, clearly
shows the conductive GNR network. Figure 5(c)
shows the cAFM signal from a 50 nm wide GNR
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where modulation of the current according to the
moiré period is observed, consistent with previ-
ous cAFM measurements of graphene monolayers
grown on hBN by HT-MBE [35]. The moiré pattern
exhibits 17.8 nm periodicity along the length of the
GNR, and 14.1 nm across the transverse direction,
suggesting ~0.40% uniaxial strain along the length
of the nanoribbon. The variation in conductivity is
due to the commensurate—incommensurate trans-
ition of graphene on hBN where lattice mismatch
induced strain is localised to Frenkel-Kontorova
(F—K) domain walls [35, 38]. Regions where the
graphene is commensurate to the hBN (moiré val-
leys) possess a small band gap (~50 meV) and thus a
lower density of states (and conductivity) compared
to the incommensurate graphene (moiré peaks) [35].
This effect is observed even at the limit where the
width of the nanoribbon is approximately equal to
one moiré period, in which case a 1D moiré super-
lattice with 17.4 nm period is formed as shown in
figure 5(e). Similar 1D moiré patterns have been
observed for GNRs grown on hBN, but were not
observed to exhibit any strain [39]. We propose that
the strain induced by high temperature growth can
be sustained through bonding at the graphene/hBN
interface. Interestingly, we do not observe any grain
boundaries or regular defects running parallel to the
graphene/hBN interfaces, regardless of the width or
orientation of the nanoribbons, indicating atomically
precise merging of the two growth fronts from oppos-
ite hBN step edges.

High-resolution imaging of the GNRs reveals the
lattice structures shown in figure 5(f). An ordered lat-
tice is visible in the centre of the GNR (figure 5(g))
with a 0.25 £ 0.01 nm lattice constant, as expec-
ted for graphene, and the corresponding fast Fourier
transform (FFT) in figure 5(h) shows only (1 x 1)
graphene spots. Close to the graphene/hBN inter-
face, in figure 5(i), a (V3xV3)R30° superstructure
(unit cell marked in yellow) is visible in addition
to the graphene lattice (red unit cell). These struc-
tures are also visible in the FFT (figure 5(j)) marked
by the yellow and red hexagons, respectively. The
(V3x3)R30° superstructure in graphene is due to
a quasiparticle interference standing wave caused by
intervalley scattering between K and K’ Dirac points
close to the Fermi level [40, 41]. Such scattering
requires local, short-range breaking of the sublat-
tice symmetry by atomic scale defects [40] and edges
[41, 42]. Intervalley scattering has been commonly
observed at armchair and disordered edges, whereas
zigzag edges show only intravalley scattering [41].
Previous scanning tunnelling microscopy studies of
atomically precise graphene/hBN zigzag interfaces
do not report observations of intervalley scattering,
suggesting that there is disorder at the graphene/hBN
interface in our system [16, 19].

] Bradford et al

It is somewhat unsurprising to observe carrier
scattering at the interface considering the lattice mis-
match between graphene and hBN. Even in the case
of a perfectly formed interface, the lattice mismatch
necessitates the presence of regular edge dislocations
to relieve strain at the interface [43, 44]. Given the
understood commensurate—incommensurate trans-
ition of graphene on hBN, it is logical that the defect
would occur at the termination of a F—K domain
wall, similar to our previous observations in strained
graphene [35]. Although we cannot precisely locate
or identify atomic scale defects at the graphene/hBN
interface, on samples with higher graphene cover-
age we have observed the formation of small atomic
clusters at regular intervals along the interface. An
example of this is shown in figure S9 (supplement-
ary information) where the spacing of these clusters
is close the moiré period in the GNR. These fea-
tures suggest that defects at the interface may act as
nucleation points for further graphene growth. Once
growth is initiated, the second graphene layer can as a
bilayer over the GNR or a monolayer on hBN, which
is also visible in figure S9. Considering our previous
work on strain engineering and lattice matching of
graphene grown on hBN by HT-MBE [33, 35], we
have attempted to improve the quality of the interface
by increasing growth temperatures to those where
lattice-matching was observed. However, at temper-
atures exceeding 1520 °C we observe break down
and desorption of the hBN at step edges, which leads
to widening of the trenches and no clear graphene
growth (figure S7).

4. Conclusion

We have demonstrated the growth of highly oriented
GNR networks embedded in hBN using HT-MBE
to grow graphene on a Ni NP etched hBN surface.
The Ni NP etching process energetically favours the
formation of zigzag oriented, monolayer deep etch
tracks at reduced etching temperatures, and the inclu-
sion of armchair oriented etch tracks at high tem-
peratures. Subsequent graphene growth by HT-MBE
shows a substrate temperature dependence on the
uniformity of the growth rate from zigzag oriented
hBN edges, but ultimately seamless merging of the
growth fronts to form hBN passivated GNRs. High-
resolution cAFM has been used to probe electronic
transport in GNRs at the nanoscale and provides dir-
ect evidence of quasiparticle interference due to inter-
valley scattering at the graphene/hBN interface. This
highlights the need for further advances in the con-
trolled formation of long-range, atomically precise
interfaces between hBN and graphene to fully util-
ise them in atomically thin electronic devices and
circuitry.
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