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ABSTRACT: The ability to control the formation of
interfaces between different materials has become one of the
foundations of modern materials science. With the advent of

two-dimensional (2D) crystals, low-dimensional equivalents of |

conventional interfaces can be envisioned: line boundaries
separating different materials integrated in a single 2D sheet.
Graphene and hexagonal boron nitride offer an attractive
system from which to build such 2D heterostructures. They
are isostructural, nearly lattice-matched, and isoelectronic, yet
their different band structures promise interesting functional

properties arising from their integration. Here, we use a combination of in situ microscopy techniques to study the growth and
interface formation of monolayer graphene-boron nitride heterostructures on ruthenium. In a sequential chemical vapor
deposition process, boron nitride grows preferentially at the edges of existing monolayer graphene domains, which can be
exploited for synthesizing continuous 2D membranes of graphene embedded in boron nitride. High-temperature growth leads to
intermixing near the interface, similar to interfacial alloying in conventional heterostructures. Using real-time microscopy, we
identify processes that eliminate this intermixing and thus pave the way to graphene-boron nitride heterostructures with

atomically sharp interfaces.
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First-principles calculations have predicted unusual elec-
tronic properties associated with the interfaces between
monolayer graphene and boron nitride, such as the opening of
a variable bandgap,' > magnetism," unique thermal transport
properties,® robust half-metallic behavior® without applied
electric fields,” and interfacial electronic reconstructions®
analogous to those observed in oxide heterostructures.”'’
Access to these properties depends on methods for controlling
the formation of graphene-boron nitride interfaces within a
single atomic layer. Techniques for the synthesis of two-
dimensional (2D) materials on metal substrates have become
increasingly well developed,"' "7 and variants of these methods
may lend themselves to the growth of more complex
heterostructures. Recent work on chemical vapor deposition
(CVD) on Cu substrates has demonstrated the ability to
generate graphene-boron nitride stacks'® as well as domain-
hybridized layers'® by sequential and simultaneous exposure to
C and B/N precursors, respectively. Intermixing, which can
cause nonabrupt, graded boundaries, is a key issue of interface
formation in conventional heterostructures as well as their
monolayer analogs. Calculations have suggested that the
conjugation and aromaticity within all-carbon segments should
drive graphene and boron nitride to phase separate in free-
standing membranes.”® Few-layer hybrids on Cu provide
evidence for separate graphene and boron nitride domains on
the nanoscale'® but do not address interface formation or offer
insight into possible modifications of the phase behavior by a
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metal substrate. B and N doping of graphene have been
demonstrated,*"*? suggesting that atomic substitution is
generally possible and could play an important role in the
formation of 2D graphene-boron nitride heterostructures.
Figure 1 shows low-energy electron microscopy (LEEM)
images of sequential graphene and boron nitride growth on Ru.
Monolayer graphene (MLG) domains with characteristic lens
shape, determined by differences in the graphene growth rate in
relation to the direction of surface steps on Ru(0001),"* are
formed by exposing the substrate to ethylene. At partial
graphene coverage, the ethylene supply is stopped, and the
sample is subsequently exposed to borazine to initiate
hexagonal boron nitride (h-BN) growth.'® MLG and h-BN
are easily distinguished by their different LEEM image contrast.
At low BN coverage (Figure 1a), all h-BN attaches to edges of
existing MLG domains; no nucleation of h-BN on the Ru
surface away from MLG is observed. Longer borazine exposure
leads to progressively larger BN coverage (Figures 1b,c). The h-
BN expands anisotropically, similar to the growth of MLG/
Ru(0001), with high rate along substrate terraces and downhill
across steps and a lower rate in the uphill direction. Ultimately,
the substrate is covered by a continuous layer comprising
graphene domains embedded in boron nitride (Figure 1d). Our
observations are consistent with large (several micrometers)
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Figure 1. Real-time microscopy of the synthesis of monolayer
graphene-boron nitride heterostructures. Borazine CVD growth of
boron nitride (h-BN) by attachment to monolayer graphene (MLG)
domains, formed by exposure of the Ru substrate to ethylene (107
Torr; 800 °C). Elapsed time: (a) 250 s; (b) 400 s; (c) 550's; (d) 670 s.
Temperature: 780 °C. Borazine pressure: 2 X 107° Torr (ab); 6 X
1078 Torr (c,d). (e) Microdiffraction pattern of MLG (2 um aperture,
centered on black circle in panel d). (f) Microdiffraction pattern of h-
BN (centered on white circle in panel d).

diffusion lengths of the mobile N- and B-containing surface
species, along with sufficiently low barriers allowing their
preferential incorporation into the graphene edges and avoiding
h-BN nucleation on the free Ru surface. Overall, the mesoscale
growth characteristics suggest bonding of the graphene and
boron nitride lattices at the atomic scale, which is confirmed
below by scanning tunneling microscopy (STM).

The formation of a monolayer heterostructure of graphene
domains surrounded by h-BN is corroborated by micro-LEED
(Figure lef). The graphene has the characteristic moiré
structure of MLG/Ru(0001) with a coincidence lattice of
approximately 12 X 12 [G] on 11 X 11 [Ru] unit cells (period
~29.8 A, Figure le).!>? Similarly, the surrounding h-BN
shows a uniform diffraction pattern consistent with a moiré
structure of 13 X 13 [BN] on 12 X 12 [Ru] (period ~32.5 A,
Figure 1f).'®** Both the graphene and boron nitride lattices are
aligned in-plane with the Ru(0001) surface mesh and are hence
closely aligned relative to one another.

For epitaxial metal and semiconductor heterostructures, the
higher dimensional equivalent of the supported heteromem-
branes produced here, atomically abrupt interfaces can be
difficult to achieve®>*® with stable interfacial mixtures forming
even between bulk-immiscible elements.”” We have used
chemical analysis by ultrahigh-vacuum (UHV) nano-Auger
electron spectroscopy (AES) to probe a possible intermixing in
graphene-boron nitride heterostructures. AES confirms pure
MLG and h-BN far from the interfaces (Figure 2ab). In
particular, only C is detected within MLG domains, which
implies that borazine exposure of MLG/Ru does cause
significant B or N incorporation into the graphene. This is
consistent with a low reactivity of supported MLG, similar to h-
BN/Ru,'® suppressing borazine dissociation and substitution of
B/N for C. Close to the MLG/h-BN interfaces, AES line scans
indicate the formation of a mixed phase containing B, N, as well
as C (Figure 2 c). The composition profile from the MLG
domains into the surrounding h-BN is asymmetric. Accounting
for the convolution with a finite-sized probe volume, it suggests
an abrupt boundary in the slow growth direction and a broader
tail with mixed composition in the direction of fast h-BN
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Figure 2. Nano-Auger spectroscopy analysis of a monolayer graphene-boron nitride heterostructure grown by sequential CVD at high temperature
(800 °C). (a) UHV SEM image of a MLG domain embedded in a continuous h-BN layer. Arrows designate the fast (step down) and slow (step up)
growth directions of both MLG and h-BN. (b) Auger electron spectra at points near the center of the MLG domain and in the h-BN layer, marked in
(a). (c) Nano-AES line scans for By; (171.6 V), Cyp (260.6 eV), and N, (380.0 eV) Auger lines, along the line marked in (a). Points in the
Cyqr line scan, representing exponential decay fits to the data, show the asymmetry in the near-interface composition profiles with half widths of 0.09
and 0.34 um along the slow and fast h-BN growth directions, respectively.
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Figure 3. UHV STM of separate graphene, monolayer hexagonal boron nitride, and of graphene-boron nitride heterostructures on Ru(0001). (a)
Ball and stick model showing the C and surface Ru layer (top) and STM image (bottom) of the monolayer graphene/Ru(0001) moiré structure. (b)
Model (top) and STM image (bottom) of the h-BN/Ru(0001) moiré structure. For both graphene and h-BN, zigzag edges are aligned with the
boundaries of the moiré unit cell. (c) Graphene-boron nitride heterostructure on Ru(0001). In addition to the pure (MLG; h-BN) phases, transition
regions without the characteristic moiré structure exist near the interfaces. (d) High-magnification image of the graphene-boron nitride boundary.

growth. These findings are consistent with an intermixing
mechanism involving primarily the incorporation of C into the
growing BN. This C doping progressively diminishes as the
surface C supply becomes depleted.

Excluding substitutional B/N doping of graphene, against
which there is evidence from AES and atomic-resolution STM,
the intermixing may either be due to (i) a direct exchange of
MLG edge C atoms with B or N during borazine exposure; or
(i) incorporation of C from the Ru surface into the growing h-
BN film. Direct exchange, which should be limited to the
immediate vicinity of the interface where there is a high
probability of C—B/N swaps, cannot explain the wide
intermixed zones we observe. Hence, C incorporation into
the growing h-BN lattice is likely the primary intermixing
mechanism. For metal substrates such as Ru, the C can be
supplied by two possible reservoirs: interstitial C,'> or thermal
C adatoms in equilibrium with graphene.”® Experiments on
bulk crystals and epitaxial Ru(0001) films with negligible C
solubility® show identical results, suggesting C adatoms on the
metal surface as the predominant C source.

We used UHV STM to determine the atomic-scale structure
of the near-interface zone (Figure 3), which could either
comprise phase-separated nanoscale graphene and boron
nitride domains or a substitutional B—-N—C “alloy” phase.
The interpretation of the STM images is facilitated by
characteristic moiré structures of MLG and h-BN on
Ru(0001) with distinctly different appearance. The MLG/Ru
moiré (Figure 3a) consists of a “high” or atop region, centered
in one-half of the unit cell thombus, where the C atoms occupy
fcc and hep hollow sites relative to surface Ru atoms, and two
distinct “low” areas with (top, hcp) and (top, fcc) registry,
respectively.’>*' The h-BN/Ru moiré structure (Figure 3b) is
made up of majority low regions with (fcc, top) registry, in
which N and B atoms are close to the metal, surrounded by
narrow, less strongly coupled high areas with registries close to
(hep, fcc) and (top, hcp).32 Figure 3c shows a heterostructure,
in which initial nanoscale graphene domains were prepared by
room temperature ethylene adsorption on epitaxial Ru(0001),
followed by dehydrogenation at 800 °C. Boron nitride was
synthesized by subsequent exposure to borazine (107 Torr) at
reduced temperature (750 °C). Coexisting MLG and h-BN
areas are clearly visible. Their moiré structures are closely
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aligned in-plane (Figure 3d), consistent with micro-LEED.
However, the moirés of the two materials never come
atomically close but are invariably separated by an interfacial
band (here up to ~20 nm wide) that shows neither of the
structures of pure MLG or h-BN on Ru.

High-resolution cryogenic STM images of the interfacial
region (Figure 4) confirm that this zone has mostly h-BN like
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Figure 4. High-resolution cryogenic STM near the graphene-boron
nitride interface. (a) Overview image, showing h-BN and MLG areas,
separated by a flat interfacial zone with faint lines (L) and atomic-scale
point-like protrusions (P). (b) Height profile along the line segment
shown in (a). (c) High-magnification image of the flat near-interface
zone, showing a honeycomb structure matching the h-BN atomic
lattice and point-like protrusions. (Imaging parameters: Vg = +2.0 V; I
= 1.0 nA).

character with apparent height close to the h-BN low regions
and embedded higher moiré fragments. The graphene moiré
structure terminates in an atomically sharp edge but a well-
developed h-BN moiré appears only several nanometers away
from this boundary. A network of shallow lines (L) and
embedded point-like protrusions (P) are imaged with apparent
heights of about 0.4 A (Figure 4a,b). The protrusions coexist

dx.doi.org/10.1021/n1302398m | Nano Lett. 2012, 12, 4869—-4874
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Figure S. Controlled removal of C monomers from Ru(0001) near monolayer graphene domains. (a) LEEM image of a section of Ru(0001) surface
adjacent to two monolayer graphene domains. (b) Simultaneous measurement of the LEEM IV intensity at V = 2.2 eV on Ru(0001) (within the
red circle in panel a) and of the area of one graphene domain (shaded blue in panel a). Lower intensity corresponds to higher C adatom
concentration. Graphene growth (1078 Torr C,H,; 740 °C) is followed by O, exposure (2 X 10~ Torr; 610 °C). A progressive increase in intensity
accompanies the removal of C adatoms until saturation is reached at the level of clean Ru(0001). The area of the graphene domains remains nearly

constant until the C adatoms are removed from the metal.
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Figure 6. Graphene-boron nitride heterostructures with atomically sharp interfaces. (a) Overview STM image showing nanoscale graphene domains
with attached h-BN. (b) High-resolution STM image of the interface between graphene (MLG) and boron nitride (h-BN) on Ru(0001). (c)
Zoomed-in view of the interfacial boundary. (d) Schematic elevation map of MLG and h-BN moirés (unit cells outlined) joined in an abrupt zigzag

boundary (blue line).

with a clearly resolved honeycomb lattice and occur isolated or
bunched into larger groups with local ordering (Figure 4c).
Their size is comparable to a single honeycomb unit (fwvhm ~3
A) and their appearance is similar to substitutional dopants in
graphene.22 Therefore, the STM observations are consistent
with a substitutional B—C—N phase near the MLG/h-BN
interface. Pairwise incorporation of C in nearest-neighbor B/N
sites was found in atomic-scale holes in free-standing h-BN
membranes,® and a similar mechanism may lead to C
incorporation into the edges of supported h-BN. Indeed, AES
composition profiles (Figure 2c) show similar widths of the
transition region for C and (B, N), suggesting that C can
substitute for both B and N in the growing h-BN film.

The population of C adatoms on the Ru surface in the
presence of graphene at high temperatures (Supporting
Information Figure S1)** provides an ample C supply for
substitutional incorporation into h-BN. Reducing the BN
growth temperature can lead to narrower interfacial B—C—N
zones (as seen, for example, in Figure 3) but is not sufficient to
realize graphene-boron nitride heterostructures with atomically
sharp interfaces. To achieve this goal, processes need to be
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developed to eliminate C adatoms from the metal surface. The
reaction of C/Ru(0001) with oxygen (O,) to CO and
desorption at high temperatures provides a possible avenue
for eliminating C monomers, but it needs to be considered
carefully since O, can also efficiently etch graphene.***> Figure
S shows real-time measurements of the C adatom concen-
tration on Ru (as illustrated in Supporting Information Figure
S1b—d) demonstrating the selective removal of C monomers
by controlled O, exposure. Here, the growth of MLG domains
on Ru (Figure Sa) by ethylene CVD at 750 °C is followed by
exposure to low O, pressures at reduced temperature. During
the entire process, both the C adatom concentration on the Ru
surface and the size of the graphene domains are monitored
(Figure Sb). The initial ethylene exposure rapidly builds up a
population of C monomers. Graphene nucleation and growth
draws from this C reservoir, but C adatoms remain on the Ru
surface even after stopping the ethylene dose. Low-pressure O,
exposure gradually lowers the C concentration while leaving the
area of the MLG domains nearly unchanged. The graphene
etch rate only increases after the C adatom density has
saturated at a level equivalent to clean Ru. By controlling the
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temperature and O, dose, graphene domains surrounded by Ru
with very low C monomer concentration, comparable to
carefully cleaned Ru(0001) without graphene, can be achieved
(Supporting Information Figure S2). At higher temperatures,
O, initially removes some C but the high equilibrium
concentration of C adatoms is rapidly restored after terminating
the O, dose (Supporting Information Figure S3).

We assessed the impact of C elimination by low-pressure O,
exposure on the formation of MLG/h-BN boundaries by nano-
AES, and at the atomic scale by cryogenic STM (Figure 6). AES
line scans on samples prepared in three steps, MLG growth, O,
etching of C adatoms, and h-BN growth, show abrupt
composition changes across the MLG/h-BN interface (Sup-
porting Information Figure S4). STM images (Figure 6) display
a morphology that is strikingly different from that in Figures 3
and 4. While the preferential attachment of h-BN to MLG is
maintained, interfacial regions without moiré structure are now
completely absent, that is, the MLG and h-BN moirés join in a
sharp boundary (Figure 6a). This is underscored by high-
resolution imaging of a linear interface (Figures 6b—d), which
shows an example of the atomic-scale bonding of the two
materials in a zigzag boundary without any discernible
intermediate structure.

Our results demonstrate that mixed B—N—C phases,
consisting of h-BN doped with C, form spontaneously during
sequential graphene and boron nitride growth on Ru. The
primary mechanism for generation of these mixed phases is
incorporation of C adatoms from the metal surface into the
growing h-BN monolayer. Undoped h-BN forms only after this
C reservoir is depleted. These results suggests that it should be
possible to devise processes for the controlled synthesis of B—
N-C “alloys” with tunable composition on transition metals
and more generally to exploit the synthesis on metals to achieve
nonequilibrium structures that are unstable (or metastable) in
isolated 2D materials. By eliminating this C source, atomically
sharp graphene-boron nitride interfaces are achieved. The
realization of sharp linear interfaces between metal supported
2D materials opens up a rich field for studying the 1D
equivalent of the more familiar 2D interfaces in thin film
heterostructures, for example, effects of lattice mismatch, the
formation and stability of polar and nonpolar interfaces, and so
forth. Our work also shows a path toward the controlled
synthesis of nanoscale graphene-boron nitride heterostructures.
Processes similar to that demonstrated here can be applied to
terminate the edges of nanographene, such as quantum dots
or atomically controlled ribbons®” via their embedding in a
monolayer h-BN membrane, thus providing avenues for
facilitating the handling of wafer-scale arrays of graphene
nanostructures by inserting them into insulating BN, and
setting the stage for realizing the fascinating electronic
properties predicted for graphene-boron nitride junctions in
monolayer sheets.

Methods. We have used in situ microscopy to analyze the
formation of single layer graphene-boron nitride heterostruc-
tures on Ru(0001) single crystals and epitaxial Ru(0001) thin
films on sapphire substrates. Ru single crystal surfaces were
prepared by the standard method, involving several cycles of
oxygen adsorption and flashing to temperatures above 1400 °C.
Epitaxial Ru films were grown by magnetron sputtering on c-
axis oriented sapphire substrates, as described previously.”® The
growth of graphene and boron nitride was performed in UHV
by exposure of the metal surface at high temperatures to high-
purity ethylene and borazine, respectively. Additional process-
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ing involved the exposure of the samples to research grade
(99.9999%) oxygen. Bright-field LEEM in an Elmitec LEEM V
field-emission microscope was used to observe synthesis and
processing in real time. Sample temperatures were measured
using a W—Re thermocouple spot-welded onto the metal
sample support. The structure of the different phases of
heterogeneous graphene-boron nitride monolayers was charac-
terized by selected-area low-energy electron diffraction (micro-
LEED), as well as by room-temperature and low-temperature
STM in separate UHV systems with in situ growth capability,
with samples prepared using processes identical to those of our
real-time LEEM investigation. Atomic-resolution imaging of the
interfacial boundary between graphene and h-BN was
performed in a low-temperature STM system (Createc) at a
temperature of 78 K. UHV scanning electron microscopy
(SEM) and chemical analysis by scanning Auger microscopy
were performed using a field-emission SEM column (Gemini
UHYV) operated at 3 keV and a hemispherical electron energy
analyzer (Omicron NanoSAM).
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Figure S1 — Thermal C adatoms in equilibrium with graphene on Ru(0001). (a)
Schematic representation of a graphene domain on Ru(0001), in equilibrium with C
monomers bound in threefold hollow sites of the Ru surface mesh. The strong
binding of C atoms on Ru(0001) causes a sizable C monomer population on
Ru(0001) in equilibrium with graphene at high temperatures.' (b), (¢) LEEM images
of clean Ru(0001), and of the surface following the nucleation of monolayer
graphene domains (MLG). (d) LEEM I-V spectra obtained at T = 700°C on clean
Ru(0001) [black circle in (b)] and on the Ru surface adjacent to graphene domains
[red circle in (c)] show a characteristic reduction of the reflected intensity near V = 2
eV. The intensity reduction is proportional to the coverage of C monomers on the Ru
surface, i.e., can be used to track the monomer concentration during further

processing designed to eliminate C monomers from the surface.
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Figure S2 - Comparison of meticulously cleaned Ru(0001) with Ru(0001)
carrying graphene domains, following the O, induced removal of C monomers.
(a) LEEM I-V curves for a clean Ru(0001) surface without graphene, obtained by the
standard procedure (cycles of O, adsorption/flashing to > 1400°C); and for a
Ru(0001) surface with partial graphene coverage, for which C monomers on the
metal have been selectively removed by O, exposure (2x10” Torr, 610°C), following
a procedure identical to that used in fig. 4. The two I-V curves were measured under
identical conditions. For the comparison, the data were normalized to the same
intensity at the lowest electron energy, E = -1 eV. Symbols represent a subset (every
3" point) of the experimental data. (b) Deviation between the two data sets D1 and
D2 shown in fig. S2a, expressed as (D1 — D2)/D1 (in percent). The difference
between the I-V characteristics is smaller than +1.5% for all electron energies except
near the minimum at E ~ 12 eV. In particular, the difference at E ~ 2 eV, which is
proportional to the density of C adatoms, is < 1%. Hence, the data sets D1 and D2 are
virtually indistinguishable, demonstrating the efficient C removal from the metal

surface by low-pressure O, exposure, despite the presence of graphene domains.
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Figure S3 — Oxygen-induced removal of thermal C adatoms on Ru(0001) at
750°C. Time-dependent LEEM I-V intensity at 2.2 eV electron energy during
graphene growth and O, exposure at 750°C. Low-pressure O, exposure of the Ru
surface with partial graphene coverage leads to removal of some C from the surface
(increase in intensity between ~575 s — 665 s), but the higher equilibrium C

concentration is rapidly restored upon termination of the O, dose.
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Figure S4 — Nano-Auger spectroscopy analysis of a monolayer graphene-boron
nitride heterostructure grown by sequential graphene CVD (ethylene, 10® Torr,
780°C), oxygen etching of C adatoms (O, 2 x 10° Torr, 680°C), and h-BN growth
(borazine, 10® Torr, 680°C). (a) UHV SEM image of a MLG domain embedded in a
continuous h-BN layer. (b) Auger electron spectra at points near the center of the MLG
domain and in the h-BN layer, marked in (a). (¢) Nano-AES line scans for Bg;; (171.6
eV), Cku (260.6 eV), and Ny, (380.0 eV) Auger lines, along the line marked in (a).
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