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ABSTRACT: Heteroepitaxy of two-dimensional (2D) crystals, such & b
as hexagonal boron nitride (BN) on graphene (G), can occur at the ¢
edge of an existing heterointerface. Understanding strain relaxation at
such 2D laterally fused interface is useful in fabricating hetero-
interfaces with a high degree of atomic coherency and structural
stability. We use in situ scanning tunneling microscopy to study the
2D heteroepitaxy of BN on graphene edges on a Ru(0001) surface
with the aim of understanding the propagation of interfacial strain.
We found that defect-free, pseudomorphic growth of BN on a 'n:l
graphene edge “substrate” occurs only for a short distance (<1.29

nm) perpendicular to the interface, beyond which misfit zero-dimensional dislocations occur to reduce the elastic strain energy.
Boundary states originating from a coherent zigzag-linked G/BN boundary are observed to greatly enhance the local
conductivity, thus affording a new avenue to construct one-dimensional transport channels in G/BN hybrid interface.
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Heteroepitaxy of three-dimensional (3D) layered semiconduct- of short-segments of sharp G/BN interface preferentially linked
ing heterojunctions has been an active area of research for in the zigzag fashion.

many decades because of its technological relevance to solid However, many issues surrounding the formation of
state devices and circuits.”” Heteroepitaxial growth of 2D continuous and atomically sharp G/BN heterointerfaces remain
lateral heterostructures, such as layered graphene and hexagonal unclear. Fault lines and cracks in hybrid films are mainly
boron nitride (G/BN) hybrids, has recently attracted attention governed by interfacial strain.”>*' However, there is no insight
because of the possibility to generate mixed alloyed phases with into how strain propagates along the length of such an interface
tunable electronic properties and also applications in lateral and how the interfacial lattice relaxes to avoid the discontinuity
tunneling devices and plasmonics.‘?’_11 Such in-plane G/BN of heterointerfaces. In addition, the electronic states are
hybrid film with well-defined heterointerfaces has been coupled to the underlying metal. Electronic decoupling of the
theoretically predicted to possess novel magnetic and unique G/BN interface from the metallic substrate is needed to reveal
thermal transport properties.'>~ ¢ Ci et al. demonstrated that a the intrinsic physical and electronic properties at the G/BN
hybrid film with a tunable bandgap can be achieved on Cu foil boundaries. To this end, we carried out STM studies to
by simultaneously supplying carbon and BN growth precursors. understand the strain relief mechanism at atomically abrupt G/
In such a one-step growth, the phase-separation leads to BN interface as well as to probe the interfacial electronic states
randomly mixed graphene and BN domains.* Patterned on the decoupled G/BN interface.

sequential growth has also been used for the spatially controlled Results and Discussion. To synthesize hybrid thin films, a
growth of lateral junctions between graphene and BN to make common strategy is based on the two-step sequential chemical
integrated circuitry or close-loop resonators.*” The possibility vapor deposition (CVD). For in-plane G/BN heterostructures,
of forming an abrupt heterojunction between BN and G has the synthesis process usually involves a first stage growth of
stimulated a lot of interest owing to the prediction of an graphene (BN) islands or prepatterning of the graphene (BN)
abundance of fascinating properties at such 1D interface.'”'® strips followed by a regrowth of BN (G) to cover the exposed
Using different microscopy techniques, the successful interfac-

ing of graphene and BN domains has been demonstrated on Received: May 21, 2014
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metal surface. The edges of graphene (BN) serve as nucleation
sites to seed the growth of BN (G). Owing to the lattice
mismatch between graphene and BN, the edge-templated
heterogrowth in 2D resembles mismatched heteroepitaxy of a
thin film on a substrate. It is well-known that at the initial stage
of 3D heteroepitaxy, such as the growth of a GaAs epilayer on a
Si substrate, it is energetically favorable for the film embryo to
be coherent with the substrate lattice (termed as pseudomor-
phic growth), in which the lattice mismatch is accommodated
by elastic deformation of the epilayer.”>** The interfacial strain
energy gradually builds up with the increase of film thickness.
At a critical thickness, it becomes energetically favorable to
relieve the strain by having a network of misfit dislocations at
the interface, beyond which the epitaxial film is apt to return to
its stable unstrained bulk structure (Figure 3a)."** Misfit
dislocations introduced in the epitaxy of 3D heterostructures
generally pile up at the interfaces, which in turn degrades the
atomic coherency and abruptness of fused heterointerfaces.”*
With the advent of the field of 2D materials, it is important to
ask whether the 3D interfacial strain relaxation scenario also
applies in 2D mismatched heteroepitaxy, and the length scale at
which a defect-free G/BN heterointerface can be formed before
dislocation or other defects set in to relieve the strain energy.

In order to study the heterogrowth behavior of in-plane G/
BN heterojunctions, BN was grown on existing graphene
patches on Ru(0001) surface. The BN and G domains can be
easily distinguished by STM imaging due to the presence of
characteristic Moiré blistering of graphene and “nanomesh”
patterns of BN.*>~*® To make a sharp G/BN interface, the
growth temperature and partial pressure of precursors were
lowered. The growth temperature is reduced to suppress
interfacial mixing resulting from metal-catalyzed atomic
substitution at high temperature (>900 K). A low partial
pressure (1 X 107® mbar) of hydrocarbon precursor is used to
grow graphene islands to reduce the nucleation of graphene on
the free Ru surface. Carbon adatoms attach to existing islands
owing to its higher diffusivity coeflicient at low flux
conditions.”** By sequentially exposing as-prepared clean
Ru to C,H, (5 Langmuirs (L)) and borazine (30 L) at 800 K
(Figure 1a), we observe the pseudomorphic growth of BN
strips on the edge of graphene. Short segments of an atomically
sharp G/BN interface readily appears at the condition (p/pp/n
< ~0.2), where nanoscale graphene islands are surrounded by
BN strips (Figure 1b). The majority of G/BN boundaries
generated in this condition are atomically abrupt and their
lengths lie in the range of 10 nm < L < 24 nm (Figure lab).
The seamless bonding between graphene and BN at the
interface is revealed in the magnified STM image where the
graphene Moiré hump (bright regions) always faces the
nanomesh “pores” (dark regions) at the boundaries (Figure
1c). As resolved by high-resolution STM imaging (Figure 1d),
graphene and BN connect in a zigzag fashion, which is in line
with the previous report."”

An extended G/BN interface can be grown by increasing the
coverage of preexisting graphene islands to 0.5 ML and
subsequently filling the entire Ru gap region by the regrowth of
BN (20 L; at low partial pressure, 10—8 mbar). The resulting
1D G/BN interface has a length scale of 100—200 nm (Figure
2a). Interestingly, we observed three types of irregularities in
BN domains embedded in the matrix of graphene islands at this
growth condition, including random moiré patterns formed at
some distances away from the G/BN interface, discontinuities
(indicated by the missing BN moiré wires) and heart-shaped
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Figure 1. STM imaging of atomically sharp G/BN heterointerface. (a)
Following borazine dose (S L) at 800 K, BN domains nucleate on the
edges of graphene on Ru(0001). (b) A sharp G/BN interface with
length <21 nm at 800 K. (c) Magnified view of panel b showing the
formation of a seamless G/BN interface at the atomic scale. (d)
Magnified view of panel ¢ showing a zigzag edge of graphene bonded
to a zigzag edge of BN at the interface. Scale bars in a—d are 50, 2.5,
0.5, and 0.25 nm, respectively.

moiré structures occurring close to the G/BN interfaces. The
formation of irregularity away from the interface is due to the
merging of polycrystalline BN domains, as shown in STM
images of Figure 2a,e and Supporting Information Figure S3.
The formation of discontinuities at the interface is attributed to
the unrelaxed interface strain (Figure 2b,ch). One way to
relieve the interfacial strain is the formation of heart-shaped
moiré structures at the G/BN interface, which can be
considered as a type of misfit dislocation in two-dimensional
crystals as discussed below.

Owing to a lattice mismatch of ~1.8% between graphene and
boron nitride,®® strain-induced discontinuities are expected to
occur at the G/BN interface. Consistent with this, we
frequently observed the “breakage” of Moiré pattern at the
G/BN boundaries (as marked by yellow arrows in Figure 2b,c
and Supporting Information Figure S1) when the interface
length exceeds ~20 nm. The discontinuity at the G/BN
interface arises from (i) strain-induced formation of multi-
vacancies as revealed in the close-up STM images of Supporting
Information Figure S 1fg, and (ii) distortion of the BN lattice
at the interface where different BN domains merge (Figure 2h).
However, we found that in cases where interface continuity is
maintained, it is invariably accompanied by the presence of
heart-shaped Moiré structures that are formed close to the G/
BN interface (Figure 2d,f,g and Supporting Information Figure
S2). In most cases, discontinuities and misfit dislocations are
mutually exclusive, especially in single BN domain that
nucleates on the same graphene edge. Two regions “A” and
“B” are highlighted in Figure 2h; only discontinuities are
observed in the BN attached to graphene’s edge “A”. In
contrast, heart-shaped dislocations are found in BN attached to
edge “B”, whereby its regular moiré pattern can be preserved.
These observations indicate that the introduction of
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Figure 2. Formation of MD at extended G/BN interface (>100 nm). (a) Large-scale STM image of coexisting G/BN domains with extended linear
sharp interface; grown at 800 K with an increased ratio of yic/pg/y (in the range between 0.4 and 0.6); the growth of G islands (~0.5 monolayer)
followed by a dosage of borazine (30 Langmuirs) to cover all the remaining Ru surface. (b,c) Interface discontinuity (as marked in yellow arrows)
occurs when the length of 1D interface extends above ~20 nm. (d) MD sets in to relieve interface strain and keep the continuity of G/BN boundary.
(e) The discontinuities in BN moiré pattern appear in the regions where different BN domains merge. (f) Magnified view shows the formation of
MD in BN Moiré pattern near the interface zones [note: the moiré irregularity appearing at the bottom of this image (as marked in yellow arrow) is
due to the merging of multiple BN domains]. (g) High-resolution imaging of MD reveals the structure of the dislocation core. (h) Misfit dislocations
in BN appears close to graphene’s A edge, while discontinuities in BN appear close to graphene’s B edge.

misfit dlslocatlon (MD)

a Layer-by-layer

.‘& 0\"
18, 0.0 B

epilayer

Substrate

line-by-line

oy

2" zigzag line
1% zigzag line

epistrip

o

Edge template

; 11111'11111
BN

Ua
o)

< 61 §/§-—§ g\i‘iﬂiiﬁiﬂ‘tbw’
& N

h 4-

&

o

32‘ }\4\4
< 12345678 9101112

BN zigzag lines parallel to G/BN interface

Figure 3. (a) The formation of misfit dislocations in layered heteroepitaxial growth of thin film above a critical thickness (t.). (b) For the graphene
edge-templated heterogrowth of BN, a misfit dislocation forms above the critical width (w,) to relieve strain. (c) Atomic-resolved coherent lattice at
the G/BN interface for strain analysis: BN zigzag line right at the interface is numbered as first line. (d) Strain propagation parallel to the interface
before and after introducing MD. Error bar represents the standard deviation of the measurement of averaged strain of BN zigzag lines in three
different regions with (blue) and without (red) misfit dislocations.
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dislocations helps to release the interface strain so that regular
BN moiré pattern can be maintained.

We also found that the majority of such distorted, “heart-
shaped” Moiré structures (as opposed to the regular round
moiré structures) are distributed along the interface and spaced
out irregularly by several Moiré units (Figure 2f and Supporting
Information Figure S2). The majority of the heart-shaped
moiré structures occur in the first row of BN moiré pattern
(counted from the interface) and few appear in the second row
(Figure 2fh and Supporting Information Figure S2). The
“heart-shaped” Moiré structure will also be introduced where
two nanomesh “pores” overlap and intersect at an angle of 60°
(indicated in Supporting Information Figure S4 and SS). Each
“heart-shaped” Moiré structure consists of 20—30 zigzag BN
lines. In line with recent theoretical predictions, this irregularity
is presumably due to the formation of edge dislocations, which
were proposed to consist of pentagon—heptagon pairs.”**~>°
Such a heptagon—pentagon dislocation (as shown in Figure 3b)
can be viewed as a result of inserting a semi-infinite strip of
atoms along the armchair high-symmetry direction in h-BN
lattice with its Burgers vector oriented along the zigzag
direction.**

To examine the strain profile around the dislocation, we
extracted the strain profile at the interface from the atomically
resolved STM imaged bonds. It is challenging to determine the
actual lattice constant in this system using STM imaging
because substrate interaction,®”*® electron localizations,®® and
elastic response*® during scanning are reported to have a
significant influence on the apparent corrugation of adatoms in
Moiré patterns. However, the applied tunneling conditions are
expected to have negligible influence on the lateral distance
between adjacent imaged spots. We also found that as-
measured lateral expansion in the lattice constant is the major
contribution to the interfacial strain compared to the small
vertical corrugation of adjacent lattice spots in graphene and
BN. Hence, we consider the average strain of each BN or
graphene zigzag line by measuring the ratio between a specified
length and the total number of lattice space within in order to
minimize errors in determining each lattice space individually
(see Supporting Information Figure S6 for the detailed
procedures of strain calculation). The strain profile reveals
that the graphene lattice is not perturbed during the growth of
BN, and strain propagates mainly in the BN side of the
interface. Another observation is that misfit dislocations in the
BN Moiré superstructure, which are made of nonhexagonal
rings, often appear at ~§ lattice constants away from the
interface. To understand how the strain propagates with the
width of the BN strip, we extract a width-dependent average
strain of each BN zigzag line parallel to the G/BN interface
(starting from the interface: first line to sixth line as indicated in
Figure 3c). As shown in Figure 3d, which describes the strain
profile along the perpendicular direction from the interface, the
strain in BN rapidly builds up in the first three atomic rows and
reaches a maximum value of 5.9% at the sixth row. Since the
lattice constant of BN (epistrip) is larger than that of graphene
(edge substrate), the BN lattice is compressed at the interface.
The first BN atomic zigzag line at the interface experiences the
uniaxial compression force from the graphene lattice, which
reduces the lattice constant of h-BN and generates a positive
strain value of ~1.9%. It must be pointed out that the average
strain of pristine h-BN on Ru is slightly larger (positive 2.2%).
The interface strain builds up from the interface and eventually
reaches the maximum value (as measured from the
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experimental data) at a critical width of S—6 atomic BN zigzag
lines (equal to ~5—6[1/3a/)2] = 1.08—1.29 nm, a is the lattice
constant of BN). The occurrence of maximum strain agrees
with the location where the misfit dislocations are usually
found, which is typically at a distance of 1.08 nm from the
interface (Figure 2g and Supporting Information Figure S2). As
reflected in the strain profile analysis, the strain is relieved at
regions where misfit dislocations occur, the strain decays within
the first three rows (from the misfit dislocations (MD)
position), and returns to its bulk value (i.e., the strain in the
BN nanomesh) at the fourth row (Figure 3d).

We have carried out ab initio calculations of strain profiles of
free-standing G/BN heterointerfaces with and without the
dislocations (see Supporting Information for the details). We
have performed careful convergence tests of all our results with
respect to the numerical parameters of the methodology
employed. Structural optimization has been performed with
residual forces of <0.005 eV/A on each atom. Our calculations
are performed with graphene/BN ribbons that are periodic
(infinite) along the directions of the interface and finite in the
perpendicular direction. We consider the misfit dislocations
present in two types of G/BN boundaries: C—N and C—B
bonded interfaces because these boundary types cannot be
discriminated in our STM imaging. Our calculation results
show that the average strain decreases around the adjacent BN
zigzag lines when a dislocation is included in the zigzag line at a
distance of ~1.08 nm away from interface (Supporting
Information Figure S7). Hence both the experimental
observation and theoretical results support that the “remote”
placement of dislocation away from the interface serves the
function of relieving the strain at the interface.

As mentioned above, the strain at the G/BN heterointerfaces
is certainly modulated by the underlying metal surface. To
eliminate the influence of the metal, the hybrid film was
delaminated using O, intercalation. The hybrid film was
successfully decoupled after annealing the film at 400 K at a low
partial pressure (~2 X 107% mbar) of oxygen gas (Figure 4a—c)
for 10—15 min, as can be judged from the remarkably reduced
corrugation in G and BN (inset of Figure 4b). Similar recipes
for the decoupling of grafhene on metal surface had been
reported in previous work.*' ~* The maximum strain of BN at
decoupled boundaries is slightly reduced (from 5.9 to 4.0%)
due to the exclusion of strong substrate interactions but the
strain accumulates as we move away from the interface
(Supporting Information Figure S8). We can conclude that
although the metal substrate introduces additional strain at the
G/BN interface, it does not change the general trend of strain
dependence with the distance from the interface.

One interesting difference here between defect propagation
in 2D and 3D heteroepitaxy is that in the former case the misfit
dislocation is located ~1.08 nm away from the interface,
whereas it is known that in 3D heteroepitaxy growth a network
of the dislocations will be formed at the interface either by the
nucleation at the interface or migration into the interface.”* In
contrast, the defects are trapped in the case of 2D BN
heteroepitaxy due to strong interaction with the Ru substrate.

Zigzag type G/BN heterointerface has been predicted to
possess interesting properties such as half-metallicity, anti-
ferromagnetism, and other transport properties.”'*'****” The
ability to resolve the zigzag type coherent G/BN interface
allows us to investigate its local electronic states using scanning
tunneling spectroscopy (STS). For freestanding graphene,
localized states at the zigzag edges produce flat bands and sharp
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Figure 4. Probing the intrinsic electronic states at the G/BN interface
after O, intercalation. (a) Large-scale STM image to show the
coexistence of decoupled G/BN interface and coupled interface. (b)
The presence of interface states generates bright spots at the interface
of G/BN after decoupling. Inset: height profile along the direction
perpendicular to the interface of G/BN, before and after decoupling.
(c) STM imaging of decoupled graphene/BN interface. (d) STS
spectra collected along the line perpendicular to the G/BN interface as
marked in c. (e) Simulation of total density of states of G/BN hybrid
ribbons and the projected density of states at G/BN interfaces. Scale
bars in a—c are 20, 2, and 2.5 nm, respectively.

density of states (DOS) at the Fermi Level (Eg).*** However,
such zigzag states are quenched when graphene is attached to
Ru, because the orbital hybridization between carbon and Ru
depletes the DOS near Eg. Upon the bonding of graphene edge
to BN, such localized edge states remain absent due to the
coupling with metal, as evident from the STS study. In contrast,
a great enhancement of the differential conductance (dI/dV) is
observed at the decoupled G/BN interface (Figure 4d), which
results in the appearance of distinct bright spots (due to
enhanced local DOS) when imaged by STM (Figure 4b, c).
Such bright spots are absent in as-grown G/BN interfaces
(Figures 1 and 2). The STS collected at the decoupled BN sites
(points A and B marked in Figure 4c) is relatively featureless
with a low tunneling conductance owing to its insulating
nature, while the decoupled graphene close to the interface
displays p-doping as reflected by the presence of a dip at ~0.15
eV (Dirac point) in the STS curve (collected at E and F points
in Figure 4d).>® The differential conductance around Ey. slightly
increases as the tip moves close to the G/BN interface (point
D). In contrast, a broad feature that peaked around 80 meV
appears in the dI/dV spectrum taken at the “bright” spots right
at the G/BN interface (point C in Figure 4d), which can be
explained by the enhancement of LDOS around Ej from the
strong mixing of 7-orbitals between C and N (B) at the
interface (Figure 4d)>!

To understand the interface states observed in dI/dV spectra,
we carried out ab initio calculations of the electronic structures

5137

of G/BN coherent interface with a periodic array (17.5 A) of
5—7 dislocation cores located at a distance of 1.15 nm away
from the interface. We employ the same methodology as in the
strain-profile calculations. Our ab initio calculations confirm the
experimentally probed electronic properties of the G/BN
interfaces. The total DOS of the G/BN interface is shown in
Figure 4e and the degree of localization of these electronic
states at the interface can be analyzed by its partial DOS
(PDOS). The total DOS (the black curve in Figure 4e) shows
two sharp peaks around Eg. The first one, right at Eg, is only
partially localized on the interface atoms with ~40% of the total
DOS deriving from these atoms. A different scenario is
observed for the second peak, located at ~0.1 eV above Eg;
the PDOS curves show that this peak is associated with states
that are strongly localized at the interface with ~90%
contribution from the orbitals of the interface atoms. These
results are consistent with the experimental measurements. For
example, the experimentally observed broad peak with width of
~0.4 eV probably originate from the overlap of the two peaks
predicted in the DFT calculations.

Summary. In summary, our results demonstrate that
atomically abrupt G/BN heterointerfaces can be grown by
nucleating BN at the edges of existing graphene islands at 800
K. Long and sharp G/BN interface can be formed by relieving
the accumulated strain through the formation of misfit
dislocations situated at ~1 nm from the interface. The
migration of dislocations to the interface of G/BN is hindered
owing to a high-diffusion-energy barrier on metal, which offers
a unique strategy to generate atomically sharp two-dimensional
heterointerface. In the absence of misfit dislocation, the
interface becomes discontinuous at length scale of tens of
nanometers. The electronic states associated with the formation
of the coherent G/BN boundaries are characterized by a strong
1D confinement along the boundary, leading to the enhance-
ment of the density of states near the Fermi level.

Experimental Section. Sample preparation and STM
characterization: The experiments were performed in an
ultrahigh-vacuum chamber equipped with a STM and an
adjoined sample preparation chamber with a base pressure of
1.5 X 107" mbar. The clean Ru(0001) was exposed to a gas
flux of C,H, gas (National Oxygen Pte Ltd., purity 99.99%) at a
partial pressure of S X 107 mbar for 2—10 min with the
substrate heated up to ~900—1000 K to grow submonolayer
graphene (~0.3—0.8 ML). To synthesize G/BN heterostruc-
tures with sharp interfaces, as-prepared graphene/Ru(0001)
was annealed in vaporized borazine with a partial pressure of
~1 X 107® mbar at 800 K for S min. After growth, the sample
was characterized by a SPECS STM 150 Aarhus unit with the
Nanonis (SPECS) SPM control system at 298 K.

Ab Initio Calculations. We employ a first-principles
approach based on Kohn—Sham density functional theory
(KS-DFT),** as implemented in the SIESTA code.*® The
generalized gradient approximation is used for the exchange-
correlation term.>* Interactions between valence electrons and
ionic cores are described by Troullier—Martins pseudopoten-
tials.> A double-{ pseudoatomic basis set augmented with
polarization orbitals is employed with an energy cutoft of 0.01
Ry.
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