Exceptionally large migration length of carbon and topographically-facilitated
self-limiting molecular beam epitaxial growth of graphene on hexagonal boron nitride
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We demonstrate growth of single-layer graphene (SLG) on hexagonal boron nitride (h-BN) by
molecular beam epitaxy (MBE), only limited in area by the finite size of the h-BN flakes. Using
atomic force microscopy and micro-Raman spectroscopy, we show that for growth over a wide range
of temperatures (500°C — 1000°C) the deposited carbon atoms spill off the edge of the h-BN flakes.
We attribute this spillage to the very high mobility of the carbon atoms on the BN basal plane,
consistent with van der Waals MBE. The h-BN flakes vary in size from 30 pum to 100 pm, thus
demonstrating that the migration length of carbon atoms on h-BN is greater than 100 pm. When
sufficient carbon is supplied to compensate for this loss, which is largely due to this fast migration of
the carbon atoms to and off the edges of the h-BN flake, we find that the best growth temperature
for MBE SLG on h-BN is ~950°C. Self-limiting graphene growth appears to be facilitated by
topographic h-BN surface features: We have thereby grown MBE self-limited SLG on an h-BN
ridge. This opens up future avenues for precisely tailored fabrication of nano- and hetero-structures

on pre-patterned h-BN surfaces for device applications.
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There has been a huge amount of research into
graphene due to its unique electronic, mechanical, opti-
cal and thermal properties [1, 2] and its vast exploita-
tion potential. Each of its many envisioned applica-
tions (e.g. nanocomposites, energy-harvesting, mega-
capacitors, spintronics, quantum devices ...), presently
comes with its own optimal fabrication method. This
has led to an explosion in the number of ways to pro-
duce graphene, mainly in a drive to increase the area of
single-crystal graphene grown. While chemical vapour
deposition (CVD) on metal surfaces, produces large-
area, multicrystalline, single-layer graphene (SLG) [3-6],
if the application requires an insulating substrate then
the metal-catalysed CVD-grown SLG requires transfer
onto this new substrate after growth. Such transfer
steps come with their concomitant problems, such as
loss and breakage/cracking of the graphene material, sur-
face/interface contamination and corrugation/wrinkling
of the graphene. Molecular beam epitaxy (MBE) [7—26]
on the other hand obviates this additional transfer step as
MBE growth can be directly onto a diverse range of sub-
strates, both metallic or insulating. Although there have
been a few recent reports of CVD growth of graphene di-
rectly on dielectrics without metal catalysts [27-34], un-
like CVD growth on copper, they do not benefit from the
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advantage of self-limited growth. In fact a super-linear
increase of graphene thickness is even reported after the
first monolayer [31].

MBE has a number of further advantages: in-situ
surface-science characterisation [35], to enhance our
understanding of the growth mechanisms; large area
graphene, in principle only limited in size by the di-
mensions of the MBE growth chamber and, most im-
portantly, the potential to grow graphene-semiconductor
heterostructures — so-called van der Waals heterostruc-
tures [36].

The choice of an appropriate insulating substrate is
crucial for growing high-quality graphene by MBE. Aside
from its dielectric properties, the major requirements for
such a substrate are flatness on an atomic scale, inert-
ness in the presence of atomic carbon and high tempera-
ture stability. Hexagonal boron nitride (h-BN), with its
similar atomic structure to graphene, thus stands out as
an ideal substrate for epitaxial MBE growth of graphene
[15, 22, 25, 26]. Not only that, but it is also an ideal
candidate as a spacer in van der Waals heterostructures
[36].

In this paper we report on an investigation into the ef-
fect of temperature on the MBE growth of a high-quality
continuous graphene on h-BN; only limited in size by the
lack of availability of larger h-BN single crystals. We find
that MBE growth of graphene on h-BN is dictated by the
high mobility of the carbon atoms on the h-BN surface,
in a manner that is consistent with van der Waals epi-
taxy [37]. We observe that the carbon atoms spill off the



edge of the h-BN flakes, which shows that the carbon
atoms have a migration length greater than 100 pum on
h-BN. This results, as we demonstrate using Raman spec-
troscopy and atomic-force microscopy (AFM), in only a
small fraction of the evaporated carbon actually remain-
ing on the h-BN flakes. We also show the key role in the
growth process that is played by topographic features on
the h-BN surface, which leads to self-limiting MBE SLG
growth.

The graphene layers are grown in an ultra-high vac-
uum (UHV) environment inside a home-built molecular
beam system [14, 15, 38]. Multiple h-BN substrate flakes
are obtained by micro-mechanical cleavage of h-BN and
are deposited on a rectangular (25 mm x 7 mm) sup-
port wafer. The h-BN flakes vary in size from 30 pm
to 100 pm. For this study h-BN flakes were chosen
due to their dark blue color under white light illumina-
tion through an optical microscope, indicating that their
thickness was only 10 nm — 15 nm [39]. Prior to growth,
a surface cleaning treatment is performed in-situ by an-
nealing the substrate at temperatures >400°C in UHV
for a few hours. This procedure removes any residues of
the Scotch-Tape exfoliation process. We have employed
two different support wafers: c-plane (0001) oriented
sapphire and SiO5/Si(001), comprising of a 300 nm-
thick layer of SiO5 on Si. Thermal decomposition limits
the maximum growth temperature for SiO5/Si to 930°C
[40, 41], while sapphire melts only at ~2000°C.

The amount of delivered carbon to the h-BN flakes is
carefully estimated using an ez-situ calibration of the cell
flux versus operating power and the position of the h-BN
flake on the support wafer. More details can be found
elsewhere [15].

The topography of the grown layers was examined by
tapping-mode AFM under ambient conditions. Micro-
Raman measurements were obtained using a Renishaw
inVia Raman microscope equipped with an x-y-z stage,
excited by a 532 nm laser focused to a S1 pm-diameter
spot at an incident power of <3 mW. A broad opti-
cal emission background, which appears after the sur-
face cleaning treatment, underpins all the Raman spec-
tra taken on h-BN. This background is well described by
a polynomial function and has been subtracted from the
raw data [15].

Raman spectroscopy is a powerful tool to study
graphene as it is sensitive to crystal quality, in partic-
ular the crystallinity and any strain and defects in the
graphene layers. Raman peaks are observed both from
the graphene itself and its underlying substrate and sup-
port wafer. The silicon support wafer produces Ra-
man lines at energy shifts of 520 cm™!, ~1000 cm™!
and 1450 cm ™', corresponding to the first order trans-
verse optical phonon peak (Si-1TO), the Si-2TO and Si-
3TO, respectively, while the Eg, optical phonon from the
h-BN substrate manifests as a sharp Raman feature at
1370 cm~1! [42]. The characteristic Raman signatures of
the graphene itself are the D peak, at an energy shift
of 1350 cm™!, the G (Eg,) peak at 1590 cm™!, the D’

line at 1620 cm~! and the 2D, or G’, peak at 2690 cm !,
Although the appearance of the D peak signifies the exis-
tence of hexagonal carbon rings, it requires the presence
of disorder, such as edges or atomic defects to be acti-
vated. The 2D mode is the most sensitive to the quality
of the crystal, strain, doping and the alignment between
the graphene and h-BN atomic lattices. Therefore an ob-
servation of a intense and narrow 2D mode is a strong
indication of the high crystalline quality of the grown lay-
ers, although at very low misalignment angles (<2°) the
2D peak has been shown to broaden and to change from
Lorentzian to Gaussian in shape [43].

Fig. 1a shows Raman spectra from two adjacent re-
gions — from the graphitic layer grown on an h-BN flake
(blue) and from graphitic layers grown on the SiO2/Si
support wafer just next to that h-bN flake (red). The
growth temperature (T;s) was 500°C and the graphitic
layers were grown for 40.3 min. Thus the amount of car-
bon delivered to this sample is estimated to be 4.8 nm,
which is equivalent to ~13.7 graphene monolayers (ML)
[15]. The location of where these Raman measurements
were taken is shown in Fig. 1b as two dots with colors
corresponding to their respective spectra.

The two spectra of Fig. 1a have a number of Raman
peaks in common: The Si-2TO and the graphene D and
G peaks. The spectrum from the graphitic layer on the
h-BN flake however contains two extra peaks — the h-
BN optical phonon and the faint indication of the Si-
3TO peak. The latter is only visible in this spectrum,
due to the absence of the Raman intensity between the
graphene D and G lines, which is seen in the spectrum
from the graphitic layers grown on the SiO5/Si support
wafer, which originates from the presence of disordered
sp? carbon bonds [14, 44-48]. Note that the 2TO phonon
resonance associated with the silicon support wafer is
equally intense in both spectra, demonstrating the high
transparency of the h-BN flake.

Surprisingly, the Raman spectra from these two ad-
jacent regions differ remarkably in intensity, suggesting
a completely distinct number of graphitic layers present
on and off the h-BN flake: A quantitative estimation
[49] of the number of graphitic layers at each location
is possible by analyzing the ratio of the integrated in-
tensity of the G line to that of the silicon 2T'O phonon
line — A(G)/A(Si-2TO) — assuming that the h-BN flake
is transparent. The presence, in the spectrum taken off
the h-BN flake, of significant Raman intensity between
the graphene D and G lines hinders any very accurate
determination of the area of the G-peak from this spec-
trum, but even so, the G peak is sufficiently intense for
this only marginally to affect the result of such analysis.

For comparison, we also measured and derived
A(G)/A(Si-2TO) from the Raman spectra of graphene
flakes, fabricated by micromechanical cleavage of highly-
oriented pyrolytic graphite (HOPG), which we have also
deposited on a substrate of 300 nm-thick SiOs on Si.
These latter we have compared to data produced follow-
ing the procedure described in Ref. 50, where compar-
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FIG. 1. Graphitic layers grown by MBE at a growth temperature of Ts = 500°C, on an h-BN flake on a SiO2/Si support wafer.
(a) Raman spectra taken from the middle of the h-BN flake (blue) and from a region adjacent to it on the SiO2/Si support
wafer (red). The spectra have been offset for clarity. (b) An optical microscope image of the graphitic layers on the h-BN flake
and on the support wafer with the locations, where the spectra in (a) were taken, indicated. (c) A 15 x 15 um? atomic force

microscopy image of the region boxed in black in (b).

ison was made to the Si-1TO line instead. We found
[49] an identical trend in both A(G)/A(Si-1TO) and
A(G)/A(Si-2TO) with the number of monolayers, i.e.
they both increase stepwise with exfoliated graphene
flake number. The only difference is the actual value
of their intensity ratios. We have assigned the num-
ber of graphene layers to the individual discrete steps
by the direct comparison of our A(G)/A(Si-1TO) data
with Fig. 2 of Ref. 50. SLG was also identified by the
single-Lorentzian lineshape of its 2D Raman line and the
significantly greater Raman intensity of this 2D line com-
pared to that of its G peak [49]. Using this information
we have compared the ratio A(G)/A(Si-2TO) from spec-
tra taken on a h-BN flake and on SiO5/Si and have hence
derived estimates for the thickness of the graphitic layers
in each case: 0.25 ML or less on the h-BN and at least
5 ML, most probably greater than 6 ML, directly on the
Si04/Si support wafer, which implies that the fraction of
the carbon that remains on the h-BN flake is only 3% —
5%.

Fig. 1c is an AFM image of the area marked by the
black box in Fig. 1b. This AFM image of the same flake
shows large dendritic structures (height ~3.5 nm — 4 nm)
growing from the h-BN upper-right edge. Remarkably,
only one edge acts as a preferential nucleation centre for
these dendritic structures, probably reflecting a chemi-
cal anisotropy in the h-BN edges. Since our h-BN flakes
are all randomly oriented on the support substrate, we
find that these dendritic structures are oriented in dif-
ferent directions at each individual location of an h-BN
flake across the support wafer, reflecting that flake’s ori-
entation. Calculations in the literature [22] indicate that
the sticking coefficient of atomic carbon to h-BN is small
and that the energy barrier to diffusion of the carbon ad-
atoms on the h-BN surface is even lower than the energy

barrier to their desorption. The sticking coefficient is de-
fined as the ratio of the rate that adsorbate atoms, or
molecules, adsorb, to the rate at which atoms/molecules
impinge upon that surface. We however are not actually
measuring the sticking coefficient per se, but instead we
are measuring the fraction of carbon atoms remaining on
the h-BN surface. From our observation of the spillage of
the carbon atoms off the h-BN flakes in Fig. 1c, we can
further deduce that the remaining carbon atoms have a
migration length on h-BN larger than the finite size of
the flakes — 30 pm — 100 pum — (even at this low Ts). The
migration length is the distance travelled by the incoming
carbon atoms on the surface of h-BN before incorporation
into the atomic lattice. The migration length of atomic
carbon has not been previously measured and the large
value that we find is indicative of high atomic mobility
which is characteristic of van der Waals molecular beam
epitaxial (vdW-MBE) growth [37].

We thus conclude that during vdW-MBE growth of
graphene on h-BN flakes, it is therefore necessary, at
all growth temperatures, to supply excess carbon atoms
during growth to compensate for the fraction that spills
off the h-BN flake [22, 25, 26]. We have investigated
the vdW-MBE growth of graphene on h-BN as a func-
tion of increasing growth temperature, in order to ascer-
tain the best possible growth temperature for successful
monolayer vdW-MBE growth of high-quality graphene
on h-BN. Since SiO5/Si thermally decomposes above
930°C [40, 41] we have employed a sapphire support wafer
instead.

Fig. 2 focuses in on Raman spectra in the range of
growth temperatures Ty = 900°C — 1000°C. The con-
straints of our MBE system limit us to a maximum
growth temperature of about 1000°C. The graphene
was grown under identical growth conditions (growth



/L

7’

J T5=100(:'C/\‘

: p/ |hBN . o0
X 950°C
j L_/\_- 900°C
1 Sy .

1200 1400 1600 2600 2800
Raman Shift (cm™)

Normalised Intensity
(arb. units)

FIG. 2. Raman spectra of vd W-MBE grown SLG graphene at
various growth temperatures on an h-BN flake on a sapphire
support wafer. At each growth temperature an h-BN flake
has been chosen within a narrow range of locations (<2.4 mm
apart) on the support wafer to ensure that similar amounts
of carbon were delivered for each of the spectra. All other
growth conditions were identical for all the three growth tem-
peratures. The spectra have been offset for clarity and their
intensities have been normalised so that the G-peak intensity
is constant across all 3 spectra.

time = 65.0 minutes) except for the location of the h-BN
substrate on the support wafer, which was kept within
a narrow range (<2.4 mm apart) to ensure that a sim-
ilar amount of carbon was delivered in each case. Thus
the amount of carbon supplied to these samples is es-
timated to be 0.69 nm — 0.85 nm (~1.96 — 2.42 ML).
We have successfully line-fitted each Raman peak of the
spectra of Fig. 2 with a Lorentzian function. Taking
into account that only a tiny fraction of the carbon de-
posited on the h-BN is adsorbed and incorporated into
the epitaxial graphene and that the 2D Raman peak
in the spectra for all 3 temperatures shown in Fig. 2
can be fitted by a single narrow Lorentzian function, we
can be fairly certain that we are measuring single-layer
graphene in all 3 cases, although only for the 2 highest
temperatures is the 2D line’s peak intensity significantly
greater than that of the G Raman peak. It is interest-
ing to note that the amount of carbon that remains on
the h-BN surface increases with growth temperature: We
obtain very a low coverage of graphitic layers when we
grow at 500°C on h-BN flakes on a silicon support wafers
(Fig. 1), graphene nanodomains at a growth temperature
of 930°C on h-BN flakes on silicon support wafers (not
shown), but continuous SLG at Ts = 900°C — 1000°C on
h-BN flakes on sapphire support wafers (Figs. 2 and 3).
Thus we observe that that carbon appears to stick better
to the h-BN with increasing temperature and when the
h-BN flakes are supported on sapphire rather than sili-
con. From detailed Raman spectral analysis we conclude
that growth at Tx = 950°C produces the highest quality
graphene: Ty = 950°C gives the highest ratio of the peak
intensity of the graphene 2D line to that of the G line,
I(2D)/I(G) = 1.38, and the lowest I(D)/I(G) = 1.59.
In fact, the absolute value of I(D) actually attains its
minimum value at Ty = 950°C. The origin of the D line
is discussed in detail below. The linewidth of the 2D
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peak, Awsp, at Ty = 950°C is 56 cm ™!, while that of
the G peak, Awg, is 63 cm™!. While at T, = 1000°C,
Awsp = 54 em™! and Awg = 57 cm~!. However the
2D line’s height to width ratio peaks at 950°C. In ad-
dition the energy positions of our G and 2D lines do
not give any indication of any strain being present in
our graphene [51, 52]. Although we are constrained, by
our MBE system, to a maximum growth temperature
of about 1000°C, this analysis points to growth temper-
atures above 1000°C not necessarily leading to higher
quality MBE grown graphene. Despite claims in the lit-
erature that growth temperatures above ~1000°C are re-
quired to provide the necessary mobility of the carbon on
the growth surface [25], the evidence from Fig. 1 is that
the carbon atoms are already extremely mobile on the h-
BN surface even at growth temperatures as low as 500°C.

Spectra such as those shown in Fig. 2 are typical of
vdW-MBE grown graphene in that they contain a fairly
intense and sharp Raman D line. The presence of an
intense, sharp Raman D lines is indicative of the exis-
tence of edges, as in the spectra reported from graphene
nanoribbons (GNRs) fabricated from etched exfoliated
pristine graphene [53, 54]. The spectra of Fig. 2 exhibit
striking similarities to those of such GNRs. Our vdW-
MBE-grown graphene contains numerous grain bound-
aries which we believe are responsible for the breaking of
wavevector conservation in our inelastic light-scattering
experiments, leading to the presence of a D peak in
our Raman spectra. This interpretation is supported
by our analysis of I(D)/I(D’): It has been shown that
I(D)/I(D’) enables identification of the type of lattice
defects present in graphene [55]. I(D)/I(D’) = 3.76 for
our vdW-MBE grown graphene at T, = 950°C, which in-
dicates that it is indeed grain boundaries that are respon-
sible for the breaking of translational symmetry required
to observe the D and D’ Raman lines in this case.

In Fig. 3 we show results from graphene grown
by vdW-MBE at a Ty = 1000°C on an h-BN flake
(~24 pm x 15 pm in area) on a sapphire support wafer,
where the h-BN flake has a ridge in its top surface. 8.4 nm
(~24 ML) of carbon were supplied during growth for a
growth time of 65.0 minutes. The ridge itself was found
by AFM — Fig. 3b — to have a height of of ~6 nm and a
width of ~750 nm. A Raman spectrum taken ‘on ridge’
(blue spectrum in Fig. 3a) exhibits the characteristic fea-
tures of SLG. The peaks are well resolved, narrow and
separated from each other with no light-scattering in-
tensity between them, demonstrating the high quality
of the SLG grown. This identification of SLG is cor-
roborated by our detailed spectral analysis described be-
low. Meanwhile a spectrum taken ‘off ridge’ (red trace in
Fig. 3a) displays, together with narrow and well resolved
peaks, an additional broad Raman scattering continuum
extending from ~1300 cm~! to beyond 1600 cm~t. The
numerical difference of the absolute intensities of these
two spectra is shown, shaded grey, in Fig. 3a. This
broad Raman signal is a measure of the amount of dis-
ordered, i.e. non-planar, carbon sp? bonds present (and
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FIG. 3. vdW-MBE graphene grown at Ts = 1000°C on an h-BN flake containing a top surface ridge, on a sapphire support
wafer, in an excess of carbon. (a) Raman spectra taken ‘on’ (blue) and ‘off’ (red) the ridge. The grey shaded area corresponds
to the calculated difference between the ‘off ridge’ and ‘on ridge’ spectra and indicates the absence of disordered sp? carbon
bonds on the ridge. The yellow trace associated with the ‘on-ridge’ (blue) spectrum is the result of lineshape analysis of the
individual Raman lines. The spectra have been offset for clarity. The inset shows an artistic impression of the growth process
after formation of the initial SLG. (b) A ~5 x 12 pm? AFM measurement showing the ridge which has a height of ~6 nm
and a width of ~750 nm. (c) A Raman map of the integrated intensity between 1422 cm™' and 1524 cm™!. The absence of
disordered sp? carbon bonds in the ‘on ridge’ spectra is clearly shown by the blue color associated with the ridge itself. The

grey dots are the locations where the spectra in (a) were taken.

is also apparent in the Raman spectrum taken adjacent
to the h-BN flake in Fig. 1a) [14, 44-48]. This inte-
grated intensity between the h-BN and the G resonances
(from 1422 cm ™! to 1524 cm™!) has been normalized and
mapped in Fig. 3c over a 10.8 ym x 8.5 pum area. We
have observed an accurate spatial correlation between the
high-quality graphene ribbon (shown blue in Fig. 3¢) and
the ridge topography observed by AFM (Fig. 3b). Strik-
ingly the 2D peak ‘on’ and ‘off’ the ridge is identical,
as is clearly visible in Fig. 3a, suggesting the presence
in both cases of SLG, but the ‘on-ridge’ spectra do not
suffer from the presence of disordered sp? carbon bonds.

In fact this 2D Raman resonance remains unchanged
over the whole measured area in Fig. 3c, irrespective of
the presence of the ridge. Since the other Raman peaks
are also similar in the ‘on’ and ‘off’ spectra (apart from
the broad underlying continuum due to disordered sp?
bonds), we speculate that initially homogeneous, uniform
SLG of high crystal quality is formed over the entire h-
BN flake. The energy positions of our G and 2D Ra-
man lines do not give any indication of any strain being
present, neither ‘on ridge’ nor ‘off ridge’ [51, 52]. Ad-
ditional carbon atoms impinging on the substrate dif-
fuse from ‘on ridge’ to ‘off ridge’ areas where they form
non-planar carbon bonds. Therefore high-crystal-quality
self-limited SLG remains only in the ‘on ridge’ region.

This formation process is schematically depicted in the
inset to Fig. 3a. Migration of atoms on the surface of a
substrate during epitaxial growth is governed by the sur-
face chemical potential [56]. Variations in this chemical
potential are directly proportional to surface curvature.
The resulting net flow of atoms is towards regions of lower
chemical potential — concave surfaces — from regions of
higher chemical potential — convex or flat surfaces [56], as
depicted in the inset to Fig. 3a. The high-quality vdW-
MBE grown single-layer graphene on the h-BN ridge has
an overall area of >10 ym?. Thus growth on such h-BN
topographical features may open up avenues, in future,
for fabrication of nanostructured devices grown on pre-
patterned h-BN surfaces.

Detailed Raman spectral analysis of the ‘on ridge’ self-
limited SLG spectrum (Fig. 3a — blue) has been under-
taken by successfully fitting the spectra with a Lorentzian
function for each Raman peak. The results of such fit-
ting procedures are displayed in yellow in Fig. 3a and
they clearly accurately reproduce the measured spec-
trum. This analysis provides strong evidence for both the
single-layer graphene nature and the high crystal quality
of the graphene on the ridge: the 2D peak is best de-
scribed by a single Lorentzian, the linewidths of the 2D
(46.8 cm™!) and G (55.0 cm™!) lines are narrow and
I1(2D)/I(G) = 1.44. This relatively high I(2D)/I(G) ra-



tio rules out the possibility that we are observing tur-
bostratic [57] rather than single-layer graphene on the
ridge, as for turbostratic multilayer graphene the value
of this I(2D)/I(G) ratio would be about half that which
we measure for our SLG. Raman peak broadening can
arise from the presence of charge carriers in the grown
SLG [58, 59], from strain induced by distortion of the
carbon lattice [60, 61] and from a small misalignment be-
tween the h-BN and graphene atomic lattices [43]. How-
ever in the latter case, as mentioned previously, the 2D
peak would also change from a Lorentzian to a Gaus-
sian in shape. As our 2D line is successfully fitted by an
Lorentzian function, we can rule out such misalignment
of the atomic lattices as the cause of any broadening of
our 2D Raman line. Thus in our case, doping due to un-
intentional incorporation of nitrogen/boron atoms from
the h-BN substrate or non-carbon atoms from any resid-
ual gas in the growth chamber, is the most likely cause
of any line broadening [62, 63].

For our on-ridge self-limited SLG I(D)/I(G) = 2.33,
which indicates that our SLG, although continuous, is
not devoid of defects. However I(D)/I(D’) = 7.4, which
indicates that vacancy-like defects are mainly responsible
for the breaking of translational symmetry required to
observe the D and D’ Raman lines in the case of this
continuous self-limited SLG on the h-BN ridge [55].

In summary, our results show the successful growth of

continuous SLG on h-BN by MBE, only limited in area
by the finite size of the h-BN flake. We find that the best
possible growth temperature for such MBE SLG on h-BN
is ~950°C. We observe that, at all growth temperatures
(500°C — 1000°C), only a small fraction (3% — 5%) of
the evaporated carbon remains on the h-BN flake. We
attribute this spillage, of the evaporated carbon atoms off
the h-BN flakes, to the very high mobility and long migra-
tion length (greater than 100 pm) of the carbon atoms on
the BN basal plane, consistent with van der Waals MBE.
We have hence grown, at Ty = 1000°C, in the presence
of an excess of evaporated carbon atoms to compensate
for the loss due to spillage, high-quality, continuous SLG
which we have shown to be self-limiting on an h-BN ridge.
Such self-limiting vdW-MBE SLG growth may open up
avenues, in future, for the precisely tailored fabrication of
nano- and hetero-structures on pre-patterned h-BN sur-
faces for device applications.
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