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AbstractiMonolayer hexagonal boron nitride (hBN) has been widely considered as a
fundamentalibuilding block for two—dimensional (2D) heterostructures and devices.
However, the'€ontrolled and scalable synthesis of hBN and its 2D heterostructures has
remained @a,daunting challenge. Here, we propose and further demonstrate a hBN/graphene
(hBN/G).interface—mediated growth process for the controlled synthesis of high—quality
monolayerhBi. We discover that the in—plane hBN/G interface can be precisely controlled,
enabling thesscalable epitaxy of unidirectional monolayer hBN on graphene, which exhibits a
uniform moiré superlattice consistent with single—domain hBN, aligned to the underlying
graphene lattice. Furthermore, we identify that the deep—ultraviolet emission at 6.12 eV
stems fromythe 1s—exciton state of monolayer hBN with a giant renormalized direct bandgap
on graphenesFhis work provides a viable path for the controlled synthesis of ultraclean,
wafer—scale, atomically ordered 2D quantum materials, as well as the fabrication of 2D
quantum electronic and optoelectronic devices.

Keywords:=hBN, graphene, monolayer, moiré superlattice, bandgap, 2D quantum materials,
2D heterostructures
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1. Introduction

The emerging two—dimensional (2D) materials and their heterostructures have provided exciting
prospects*forthe applications of next—generation electronic, photonic, and quantum devices.™™
Monolayer si€Xagoenal boron nitride (hBN) and graphene (G),"®” the thinnest of all insulators and
semimetals,, respectively, have been considered as fundamental building blocks of such 2D devices.
Specifically, vertically stacked hBN/graphene (hBN/G) van der Waals (vdW) heterostructures have
been successfully employed to produce emergent properties, such as quantum Hall effect,®
Hofstadter butterfly spectrum,”® and plasmon and phonon polaritons."” Complementary to the
vertical hBN/G vdW heterostructure, the in—plane version forms a covalent hBN/G heterostructure
with equally, attractive properties, such as transitions between semiconducting, half-metallic, and
metallic phases,.spin polarization magnetism, and exotic electronic states,***® or even the
possibility to reconstruct electronic interfaces similar to those observed in oxide
heterostructlires®™®"! The scope of these fascinating properties could be radically expanded
by demonstrating epitaxially grown monolayer hBN on graphene with superior structural,
electrical, and,optical properties, as well as a precise control of both the hBN/G out-of-plane
and in—plane monolayer interfaces.

Recentlyintensive efforts have been devoted to the epitaxial growth of hBN on metals, !

23] chemical vapor deposition (CVD),?¥

sapphire,”*_and.graphene substrates?? by using sputtering,

),**" and molecular beam epitaxy (MBE).”® Due to

metal—organicichemical vapor deposition (MOCVD
the compatible ‘fattice symmetry and small lattice mismatch (around 1.6%), highly oriented
pyrolytic.graphite’ (HOPG) and epitaxial graphene have emerged as promising substrates for the
epitaxy of mondlayer hBN as well as hBN/G heterostructures.?>??" In addition, the moiré
superlattice_formed between epitaxially grown hBN/G heterostructures can be utilized to
engineer correlated quantum electronic states in their vdW heterostructures.**3! However,
the epitaxy of hBN/G heterostructures with controlled interface configuration has remained
elusive. Ipyaddition, the recent experimentally measured 6.1 eV emission energy for
monolayer .hBN, on graphenel®2® differs greatly from the theoretically predicted 8 eV
bandgap for freestanding monolayer hBN.B*3® We introduce an interface—mediated synthesis
of monolayer'RBN on graphene as a viable path for the controlled synthesis of their 2D monolayer
heterostruétures on a wafer—scale. Our detailed theoretical calculations predict a giant bandgap
renormalization,.0.7 eV exciton binding energy, and excitonic emission at 6.12eV for monolayer hBN
on graphene, matching our deep—ultraviolet (UV) photoluminescence (PL) measurements.
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2. Results and Discussion

2.1. Interface—mediated synthesis of monolayer hBN

Our growth concept is based on controlling hBN/G interface formation to create uniform
active sites"thatypromote precise hBN nucleation and eventually faultless, in—plane lateral
epitaxy up,to_macroscopic scales. Unless controlled, graphene substrates unintentionally
contain_arbitrary mixtures of so—called armchair (AC) and zigzag (ZZ) atomic edges. This
leads to agmyriad of possible hBN/G in—plane interfaces. Figure 1a shows an ACg||AChsn
interface and“Figure 1b shows an ZZg||ZZngn interface, which are the two most likely ones
due to thegrelatively low formation energy (Table S1, Supporting Information). Uncontrolled
interfaces ‘haves0 far prevented precise and flexible synthesis of hBN/G heterostructures.
The coexistenee, of these interfaces also makes the unidirectional hBN single—-domain
formationiand controllable coalescence elusive. Theoretical calculations have suggested a
smaller formation energy for ACg||/AChen Interface (2.2 eV/nm) compared to ZZg||ZZnsn
interface (2.8 eVinm),!*"*? indicating that AC||AChgy interface is energetically more stable
than ZZg||ZZggriinterface, when grown under nearly thermal equilibrium conditions, such as
ultrahigh grewthstemperatures. We exploit this difference to control the atomic configuration
of the hBN/G interface. Based on the thermodynamic stability of hBN/G interfaces, we
propose an Interface-mediated synthesis method for MBE-grown hBN on graphene
substrates; by suppressing the formation of ZZg||ZZngn interface. Specifically, we synthesize
hBN/G underynearly thermal equilibrium conditions to grow exclusively ACg||AChsn
interfacespwhiehsmakes unidirectional, superior quality hBN lateral epitaxy possible.

Under optimal conditions, a pristine hBN front grows along a single direction, in a
single patterngand from a single graphene atomic edge. The intermediate product will then be
an hBN nanoribbon propagating to become a pristine monolayer hBN once its width becomes
macroscopic. To control the actual growth conditions, we synthesize monolayer hBN on HOPG
substrates "USIAG®MBE at growth temperatures ranging from 800 to 1600 °C. Figure 1c-e and
Figure S1g#(Supporting Information) show scanning electron microscopy (SEM) images
characterizing the hBN growth; the light (dark) areas denote hBN (HOPG), red dashed lines
the hBN/graphene nucleation interfaces, and white dashed lines the hBN growth fronts whose
propagation direction is indicated by white dashed arrows. For the growth temperature of
1000 °Cy=nanoribbons start to grow into both directions from the graphene atomic edge.
Moreover, different regions produce randomly either straight or jagged hBN nanoribbons, as
shown by exemplary regions in insets of Figure 1c and Figure S2 (Supporting Information).
Similarly imperfect growth behavior was observed for 1200 °C.
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Figure 1. pt and demonstration of interface-mediated synthesis of monolayer hBN.
a,b) Scm monolayer hBN grown along the a) armchair (ACg) and b) zigzag (ZZg)
graphe iczedges, forming straight and jagged nanoribbons, respectively. All growth

fronts Wr hBN are terminated with ACgn edges. Magnifications show the atomic
configurations of the ACg||AChen and ZZg||ZZngn in—plane interfaces, and the AChgn growth
fronts. White arrows point to the growth direction. c-e) Typical SEM images of monolayer
hBN nan morphology, grown along graphene atomic edges at c) 1000 °C, d) 1400
°C, and e C for 30 min. Insets in c¢,d) show the typical morphology of straight and
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jagged hBN nanoribbons. e-g) Evolution of straight monolayer hBN nanoribbons is followed
after e) 30min, f) 60 min, and g) 90 min growth time at 1600 °C. Red dashed lines depict
hBN/graphene nucleation interfaces and white dashed lines show the outline of hBN growth
fronts; white dashed arrows point to the growth direction. White solid arrows indicate bilayer
hBN formed from the initial hBN/graphene nucleation interfaces after underlying straight
monolayer hBNanoribbons coalescence; red solid arrows show the grain boundaries (GBs)
formed during nanoribbon growth and coalescence. h) Measured percentage of straight versus
jagged hBN nanoribbons and nanoribbon density is shown as function of growth temperature,
demonstrating™the dominance of straight nanoribbons (with well-defined ACg||AChsn
in—plane interfaces) at a growth temperature of 1600 °C. The error bar is the standard
deviation.

Howevermthe growth mode starts to drastically change at 1400 °C that produces a
unidirectional growth from the graphene atomic edge to produce a uniform, ultraclean, and
straight hBN nanoribbon as shown in Figure 1d, although some regions still show
bidirectional growth. At 1600 °C, unidirectional growth dominates essentially all regions as
shown in Figuresle. All these straight nanoribbons are monolayer hBN with a thickness of
0.35 nm, aguniferm width, and length up to sub-millimeter scale (Figure S3, Supporting
Informatian). The evolution of hBN nnaoribbons with growth duration is shown in Figure le-
g. Nanoribbon width increases linearly with a 3 nm/min lateral growth rate. This can be
exploitedsto_grow macroscopic monolayer hBN if the graphene substrate contains a single
graphene atomic’edge. However, our HOPG substrates contain a high density of graphene
atomicpedges..on. the surface, producing terraces separated by hundreds of nanometers.
Therefore, extending the growth time to 90 min still produces straight hBN nanoribbons, but
seamlessly stitched with the adjacent ones to finally form large area monolayer hBN as seen
in Figure ;2gmBue to the nonuniform height (monolayer to multiple layers) of graphene
atomic edges=on, HOPG, a new monolayer hBN may start to grow on top of the coalesced
hBN along the initial graphene atomic edge, forming bilayer regions, as indicated by white
solid arrows™in Figure 1g. In addition, the nonuniform graphene atomic edges can also
introduce @rain boundaries (GBs) during the nanoribbons growth and coalescence (Figure
19). Byguitilizing,graphene substrates with well-isolated atomic edges, the proposed growth
technique joffers a viable path to achieve ultraclean, wafer—scale monolayer hBN and hBN/G
heterostructures.

As discussed above, nonideal growth temperatures (< 1200 °C) often produce a
bidirectional lateral hBN growth, which we attribute to the formation of BN nanoparticles
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(the bright dots in the SEM images in Figure 1c, d along the graphene atomic edges). At
lower growth temperatures, boron adatoms tend to accumulate along the graphene edges due
to large diffusion Jength on graphene and relatively low desorption rate. During growth, with
the irradiationof nitrogen plasma, those boron clusters will be converted into BN
nanoparticles. They enable both in—plane and out-of-plane hBN/G interface formation. The
higher growth temperatures dramatically suppress the BN nanoparticles formation, allowing
only the energetically stable in—plane hBN/G interface to survive. As a result, hBN grows
only on the in—plane side of graphene for the 1600 °C growth. In addition, the active nitrogen
plasma may“introduce defects in graphene, which have been experimentally confirmed in
previous gfaphefie—assisted Ill-nitrides growth."*® However, we have not observed any
negative impactsof such defects on hBN nucleation and growth, which is likely due to the
limited (point)sdefect size. High—temperature annealing has been proposed as an effective
approach to improve the crystallinity of hBN and the crystal quality of AIN.B%*2 We have
also performed_high—temperature annealing at 1600 °C in the same MBE chamber for the
hBN samples grown at lower temperatures. However, the morphology of hBN nanoribbons as
well as the"above mentioned BN nanoparticles barely change, which is attributed to the
robust therpmalstability of BN.

The quality of temperature—dependent hBN growth is quantified in Figure 1h in terms of
straight and' jagged nanoribbon fraction as well as nanoribbon density. At growth
temperatures below 1200 °C, straight and jagged hBN nanoribbons have almost the same
percentage,.50%., As the growth temperature is increased to 1600 °C, the percentage of
straight hBNypanoribbon significantly increases up to 87% and the nanoribbon density
decreases_almost to half compared to lower growth temperatures. This results from the
suppressed=growth of jagged hBN nanoribbons. In other words, we have demonstrated a
highly selective growth of uniform, ultraclean, and straight hBN nanoribbons by utilizing
ultrahigh growth temperature, close to the thermal equilibrium conditions. Notably, 100%
selectivity'should be achievable by further increasing the growth temperature. In this work,
the growthdtemperature is limited by the safe operating temperature of the MBE system.

To further quantify the hBN quality, we use scanning tunneling microscopy (STM) to
image thefmonolayer hBN grown at 1600 °C for 60 min, corresponding to Figure 1f where
straightshaneribbens have not yet coalesced into the complete monolayer hBN film. Figure
2a shows la_ STM' image focused on a single nanoribbon. At this magnification, a uniform
moiré superlattice is observed along the entire imaged length of the nanoribbon. The
corresponding fast Fourier transform (FFT) (Figure 2b) shows a slightly distorted hexagonal
reciprocallattice, with an average spot separation corresponding to a periodicity of 16 nm.
While the visibility of moiré superlattice varies with the STM tip termination, periodicities of
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16 + 1 nm are observed on nanoribbons in distinct areas of the sample (Figure S4, Supporting
Information). The measured moiré periodicity exceeds the maximum period of 14 nm (Figure
2¢), calculated using the bulk hBN lattice constant and rotational alignment with graphene.”
The larger observed moiré period suggests that the monolayer hBN lattice is compressively
strained todbe more commensurate with the underlying graphene lattice. We can place bounds
on the strain_(> 0.2%) and twist angle (< 0.9°) from these measurements of the moiré
superlattice.. The slight compressive strain mainly arises from the in-plane covalent hBN/G
heterostrugture, in which the small lattice mismatch (1.6%) between hBN and graphene needs
to be considered. These results corroborate the proposed growth model, and are consistent
with nearly commensurate, single—-domain hBN, aligned to the underlying graphene lattice.

To explore the interface—-mediated epitaxy model, we present atomically resolved STM
images close the nucleation interface (red dashed line) in Figure 2d and growth front regions
(Figure S5, Supporting Information) of the straight monolayer hBN nanoribbons. In Figure
2d, the parent graphene appears on the top of the image, with the hBN nanoribbon growing
down toward.the bottom. Though the two surfaces are nearly co—planar, the insulating hBN
leads to darker.contrast, corresponding an apparent step down of 260 pm. Atomic-scale
contrast at the interface likely reflects defect states associated with hBN/G bonding, which
makes it difficult to identify how the two honeycomb lattices are joined. However, the
corresponding unit cells in real-space (red diamonds) and reciprocal-space (green diamonds)
for the twayregions show hexagonal periodicities that are aligned between graphene and hBN,
as seen.in_Figure 2e, f. This demonstrates that hBN registers to the graphene atomic edge
during theminitial nucleation, consistent with the ACg||AChgn interface model in Figure la.
Atomic-resolution STM images of the hBN growth front (Figure S5, Supporting
Information)=exhibit similar alignment, consistent with growth aligned to the underlying
graphene lattice. These results suggest that the survived straight monolayer hBN
nanoribbons, when grown under ultrahigh temperatures, are initiating from the ACg||AChsn
interface, agreeing well with the proposed interface—-mediated process.
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Figure 2. Epitaxial registry between monolayer hBN and graphene. a-c) Moiré superlattice
with a single periodicity spanning the entire monolayer hBN region: a) STM image of a
straight moenelayer hBN nanoribbon (grown at 1600 °C for 60 min, Figure 1f), showing a
clear moirémsuperlattice, b) the corresponding FFT, showing a hexagonal lattice, and c)
magnifiedimage of the white box in a). The red dashed and white dashed lines in a) depict the
hBN/G nucleation interface and the outline of hBN growth front, respectively, and the white
dashed arrow shaws the growth direction. The green and red diamonds in b) and c) represent
the unit cell®ef a moiré superlattice in reciprocal- and real-space, respectively. d-f)
Nucleationminterface atomic configuration for straight monolayer hBN nanoribbons: d)
atomic-resolved, STM image acquired from a straight monolayer hBN nanoribbon nucleation
interface,.and"e,f) the corresponding FFTs for the graphene and hBN regions, respectively.
The red solid and green solid (dashed) diamonds represent the corresponding unit (super) cell
in real- and reciprocal-space, respectively. Red dashed line in d) indicates the hBN/G
nucleation interface, while the yellow dashed line shows the alignment of unit cells. They are
perpendicular to each other. The ACg||AChen interface configuration is unambiguously
confirmedfby comparing the experimentally measured unit cell alignment with the atomic
model shown.indigure 1a.

Having confirmed the high—quality and single—-domain nature of our monolayer hBN, we
have further characterized the electrical and optical properties. Specifically, we find excellent
insulating property and electrical reliability on this epitaxial hBN via conductive atomic force
microscopya(€AEM) (Figure S6 and S7, Supporting Information).
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2.2. Deep—UV emission of epitaxial monolayer hBN

The unique optical properties of monolayer hBN result from the extraordinary strong light—
matter interaction,*>54%*€! Therefore, we characterize our hBN/HOPG samples further by
using temperature—variable PL spectroscopy, as schematically shown in Figure 3a. The
measured,Aime—integrated PL spectrum at 12 K (blue curve) and the reflectance spectrum at
300 K (retheurve).are presented in Figure 3b for the monolayer hBN sample of Figure 1g.
The dashed.lines.are the reference PL and reflectance spectra of a HOPG substrate alone.
Evidentlyithe epitaxial hBN significantly affects the reflectance spectrum of HOPG in the
high photon-energy range, with a pronounced dip at 6.12 eV compared to the monotonic
decline of the HOPG substrate reflectance beyond 5.1 eV. This significant extinction of
reflected lightsstiggests a strong light-matter coupling with the presence of hBN.FZ1 The
pronounceds hBN, resonance is further corroborated by the PL spectra; only the hBN/HOPG
sample exhibits/a sharp resonance at 6.12 eV (Figure 3b and Figure S8a, Supporting
Informatiqn). This behavior changes dramatically for the lower—quality samples grown below
1600 °C; they praduce a broad defect-related emission below 5.6 eV (Figure S8b, Supporting
Information), whereas our highest—quality sample completely suppresses the defect emission.
Specifically, we observe three prominent peaks at 6.12, 6.01, and 5.86 eV, superimposed with
a tail of HOPG PL, two of them originating from high—quality monolayer hBN, as discussed
below.

To identify.the physical origin of these three peaks, we measure time—integrated PL as
function,of temperature T and construct the normalized peak values with respect to 12 K PL
for each peak;,see Supporting Information Figure S8c for temperature-dependant PL spectra.
Figure 3c_summarizes the T dependence of normalized PL peak intensity for the 6.12 eV
(squares);6:027eV (circles), and 5.86 eV (triangles) peaks. The 6.12 eV peak intensity drops
slightly until T = 100 K, and the 6.01eV peak decreases slowly until T = 40 K, whereas the
5.86 eV peak starts to rapidly drop already above 20 K. Both the peak position and T
dependence“intensity trend for 5.86 eV peak are similar to that observed in multilayer
hBN."84 SFRtshwve assign the 5.86 eV peak to multilayer hBN. At the same time, the 6.12
eV PL peak matches with a strong reflection resonance; in fact, it is the only one visible
there, indicating_it has by far the strongest light-matter coupling. Thus, we assign it to a
monolayer hBN whose strongest confinement increases the light—-matter coupling much
beyond®these™of" multilayers. The presence of both monolayer and multilayer hBN PL
resonaneessisstorbe expected in sample of Figure 1g containing multiple layer thicknesses.
The 6.01 eVypeak’s T dependence is between multilayer and monolayer, which indicates it
could be from defect—brightened emission in monolayer hBN; this possibility is verified in
the context of Figure 4.
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Figure 3. Evidence of epitaxial monolayer hBN in deep—-UV emission. a) Schematic of the
photoluminesecence experiment performed on monolayer hBN/HOPG heterostructure of
Figure 1g. b) Measured, time—integrated PL spectra (blue curves, 12 K) and reflectance
spectra (red curves, 300 K) of monolayer hBN/HOPG heterostructure (solid curves) and
HOPG substrate (dashed curves). The gray circles are the photoluminescence raw data for
monolayerghBN/HOPG heterostructures, while the blue solid curve is the corresponding
smoothed ‘curve. ¢) Temperature dependence of PL—peak intensity normalized to its T = 12 K
value for the h(BN/HOPG heterostructure.

2.3. Theeretical calculation and analyses

In multilayers ABN with indirect bandgap, all the previously reported emissions had a peak
energy dower than the indirect exciton (5.96 eV).[*5% Recently, the emissions with higher
peak energies (above 5.96 eV) were attributed to the carrier transition and recombination
processes in monolayer hBN with direct bandgap.®2**) However, there is a large difference
between the.experimentally measured emission (6 — 6.15 eV)P¥** and the theoretically
predicted bandgap (8 eV) for a monolayer hBN.?*** To explain the 6.12 eV emission resonance
from a monolayer hBN/HOPG heterostructure, we use first—principles calculations based on density
functional theery (DFT) and many—body perturbation theory. We adopt the substrate—screening
method tofeflect the strong screening from the adjacent graphene layers underlying the monolayer
hBN.®*>% Details of the calculation method are included in Supporting Information (Figure S9-
S12, Table S2).

The computed band structure is presented in Figure 4a for a freestanding monolayer hBN (gray
curves) versus monolayer hBN on three graphene layers (hBN/3G, blue curves). From this band
structure, we construct the quasiparticle bandgap E, of monolayer hBN on zero to three graphene
layers, andgpfesent the result in Figure 4b. The zero graphene layer corresponds to the freestanding
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monolayer hBN, producing a direct £, = 7.98 eV at k = K, in agreement with previous reports.B?43¢

We find that adding graphene layers results in a giant bandgap renormalization of almost 1 eV for all
simulated stacking configurations. Indeed, only two graphene layers are needed to converge the
bandgap“within©0.1 eV, which implies extreme screening of the Coulomb interaction by the
graphene. Thus,"we attribute this giant bandgap renormalization to the metallic character of the
graphene layers, /also observed for other materials, such as MoS, and WSe,.">* This trend
illustrates that the screening depends only on the adjacent graphene layers as previously reported
for other vdW heterostructures.®® Our predictions also agree well with the E,=6.810.2 eV recently
measured WitheSTM for monolayer hBN,® and the variation of the bandgap among different
stacking configurations is small, less than 0.1 eV.

To explain“the optical spectra and excitonic properties, we solve the Bethe—Salpeter
equation inclyding substrate—screening effects. Figure 4c shows the computed absorption
spectrum fer a gnonolayer hBN on three graphene layers (blue area) versus a freestanding
monolayehBNg(gray area). The hBN/3G calculation produces a strong 1s—exciton resonance
at 6.21 eV, close/to the 6.12 eV peak of the measured PL spectrum (Figure 3b). We attribute
the small difference (0.09 eV) between these energies to the zero—point energy
renormalization, which is expected to be around 0.2 eV for bulk and freestanding monolayer
hBN.H+5"1 By.cemparing the exciton energy to the quasiparticle bandgap, we obtain a 0.7 eV
exciton bipdinggenergy for hBN/3G, which matches the 0.7 eV binding energy of bulk
hBN! and is\much smaller than the 2.3 eV binding energy for freestanding monolayer hBN,
reported also previously.?®® This huge reduction in binding energy also results from the
metallic'screening by the graphene layers.

We further study the 2D excitonic nature of the 6.21 eV—-exciton resonance in Figure 4d
by examining the exciton wavefunction. The 2D character of monolayer hBN is very clear
because the wavefunction is strongly confined within the monolayer hBN. This result
confirms the strong light-matter interactions associated with the measured 6.12 eV reflection
and PL resonance (matching 6.21 eV of our computations) based on analysis in Figure 3.
Thus, the measured reflection and emission peak at 6.12 eV indeed stems from the 1s—exciton state
of monolayer,hBN. This resonance is also distinguished clearly from the PL peaks of multilayer hBN,
which are below.5:.96 eV."*>% Furthermore, our calculated singlet—triplet splitting energy is 90 meV,
similar to the value of bulk hBN®® and also close to the splitting between the 6.12 and 6.01 eV
peaks. This further supports that the PL signal at 6.01 eV is due to defect—induced triplet
brightering.2%sBoth the phonon replicas of monolayer hBN exciton and trion emissions and the
phonon—assistedgindirect exciton emissions of multilayers hBN“**% may contribute to the adjacent
shoulders of the PL peak at 5.86 eV (Figure 3b), but not explored further in this work.
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Figure 4. Giantghandgap renormalization of monolayer hBN on graphene. a) Quasiparticle
band structure of freestanding monolayer hBN (gray curves) and monolayer hBN on three
graphene layers (hBN/3G, blue curves). b) Calculated direct bandgap of monolayer hBN for a
varying number of graphene layers. Insets: the three different stacking configurations used
for the verticab"hBN/G interface. c¢) Calculated absorption spectrum of a freestanding
monolayer.hBN.(gray area) and monolayer hBN on three graphene layers (blue area). The
vertical dashed lines indicate the quasiparticle bandgap, and the vertical solid lines show the
1s—exciton,state position. d) Spatial map of the exciton wavefunction for the 1s—exciton state
of monolayershBN on three graphene layers: along the in—plane direction (left) and along the
out-of—planedirection (right). The hole (red dot) is fixed slightly below a nitrogen atom. The
isosurface is set to be 3% of the maximum isovalue. The electron and hole distributions are
well confined within the monolayer hBN region.

3. Conclusien

In summarywe have proposed and demonstrated an interface—-mediated growth mechanism
for the controlled epitaxy of monolayer hBN on graphene with superior structural, electrical,
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and optical properties. By implementing this approach, we have achieved a unidirectional,
lateral epitaxy of monolayer hBN by controlling the energetically stable in—plane hBN/G
interface formation. Moiré superlattice spanning the entire monolayer hBN with single
periodicity indicates a well lattice registry between hBN and underlying graphene without
obvious rotationyOur experiment—theory comparison identifies that the deep—UV emission at
6.12 eV originates_from the 1s—exciton state of monolayer hBN with a giant renormalized
direct handgap.on graphene. This work provides a framework for the controllable epitaxy of
monolayery hBN on graphene substrates and other 2D materials, offering a promising
approach "for~the precise construction of both in-plane and out-of-plane monolayer
heterointerfaces and heterostructures.

4. Experimental Section

Molecularsbeam epitaxy of hBN: hBN samples were grown using a Veeco GENxplor
ultrahigh temperature MBE system equipped with a radio-frequency (RF) plasma-assisted
nitrogen source and an integrated Telemark electron beam evaporator for boron (B). The
growth conditions include a nitrogen flow rate of 2.0 standard cubic centimeters per minute
(sccm), RF forward power of 350 W, B deposition rate of 0.01 A/s, growth temperature in the
range of 800-1600 °C. The growth temperatures mentioned in the context are the readings
from thesthermocouple of the substrate heater. Commercial 1 x 1 cm? HOPG from SPI
Supplies with®aymosaic spread of 0.8 + 0.2° was used as substrate. A fresh surface was
obtainedgby“exfoliating the top surface of HOPG using adhesive tape. After exfoliation, the
HOPG substrates were cleaned by acetone, methanol, and DI water. Before growth, the
HOPG substrates were baked and degassed at 200 °C and 600 °C in the MBE load-lock
chamber and preparation chamber for 2 h, respectively, to obtain a clean surface.

Morphologieal, atomical, and electrical characterizations: The morphology of hBN was
characterized using a Hitachi SU8000 SEM and a Bruker Dimension Icon AFM. The number
of straight and.jagged nanoribbons were counted under SEM across a 1000 um x 25 um area
in five random regions of the 1 x 1 cm? hBN/HOPG samples. AFM measurements were
carried out on the as-grown hBN/HOPG samples using TESPA-V2 cantilevers (from Bruker)
in tapping-mode. STM experiments were performed at room-temperature under UHV
conditions"(2:0%10'° Torr) with a RHK PanScan STM head with R9 control electronics. To
desorb contamination from air exposure during storage, samples were exposed to 20 minutes
of UV light in situ, which facilitated atomic-resolution imaging. STM images were acquired
with an_ele€trochemically etched Ptlr tip with the STM feedback loop in constant current
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mode. Images were drift corrected using the Gywddion software package. cCAFM
measurements were performed on a NT-MDT Ntegra system using a conductive tip (Pt
coated) HQ:NSC35/PT from Mikromasch with radius diameter being smaller than 30 nm.
The height'and current maps were recorded in contact mode with an applied tip bias of 0.01
V. Breakdewn tests were performed in the same system using conductive tip with an extra
layer of Pt (roughly 19 nm) was deposited using pulsed laser deposition to increase its
conductivity and longevity.

Photoluminescence and reflectance: Photoluminescence spectra were collected using a
custom setup. The samples were mounted on the cold finger of a closed-cycle cryostat for
temperature-dependent (12-300 K) measurements. A 193 nm pulsed excimer laser with a
repetition rate of 100 Hz and a pulse energy of 0.2 mJ was used as excitation source. The spot
diameter is around 0.5 mm. The emitted photons were spectrally resolved by a Horiba
IHR550 spectrometer and detected through a Symphony Il CCD detector. The reflectance
was acquired™using a Woollam M-2000 spectroscopic ellipsometer in atmosphere and at
room-temperature.

Theoretical calculation: See details in the Supporting Information.
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2D exciton in
monolayer hBN

adjacent graphene
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Controllwsis of monolayer hBN has remained a daunting challenge. A hBN/graphene
interface— grwoth concept is proposed and demonstrated to enable scalable epitaxy of
unidirectional high-quality monolayer hBN on graphite substrates. Uniform moiré superlattice and

robust deep-ultraviolet excitonic emission (around 6.12 eV) are achieved in such monolayer
hBN/gr%der Waals heterostructure.
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