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1. Energetic stability of hBN edges and hBN/G interfaces

Hexagonal boron nitride (hBN) has two types of atomic edges, including armchair (AC) edges with
alternating B and N atoms (AChen) and B-/N-terminated zigzag (ZZ) edges (ZZg-nen and ZZn-nen).
Theoretical calculations suggested that their energetic stability are ranked in the order of ZZg-nen <
AChen < ZZn-nen.M Therefore, triangular domains tend to terminate with ZZn-nen edges, while
hexagonal domains prefer to possess AChen edges.>®! Both our experimental results and previous
reports(®’ show that hBN grown on graphene substrates consists of hexagonal or truncated hexagonal
domains. Therefore, the growth front of hBN grown on graphene substrates prefer to terminate with
AChen edges, instead of ZZnen edges, which has been also confirmed by transmission electron
microscopy measurements for hBN grown on epitaxial graphene layers.®!

Generally, during the growth on graphene substrates, hBN prefers to nucleate from the graphene
atomic edges, leading to lateral epitaxy.[%® The AC and ZZ edges of graphene (G) and hBN enable
the formation of a myriad of hBN/graphene (hBN/G) interfaces with different atomic
configurations.®' Table S1 lists the most possible hBN/G interfaces predicted by theoretical
calculations.[**1! Clearly, the corresponding formation energy highly depends on the interface atomic
configurations, in which ACg||AChen and ZZg||ZZnen interfaces have relatively lower formation
energy. Combining the hBN/G interface as well as the hBN growth front atomic configurations, we
can predict that ACg||AChen interface-mediated growth leads to the formation of straight hBN
nanoribbons, while an initiating ZZg||ZZnen interface is expected to produce jagged hBN nanoribbons,
as depicted in Figure 1a, b, respectively, in the main text.

Table S1. Formation energy (Efm) of in-plane hBN/G interfaces.[1011]
ACq||AChen  ZZg||ZZneN Misoriented
Eform (€V/NM) 2.2 2.8-2.9 >4.4

2. Synthesis of monolayer hBN on HOPG

Figure S1 shows the typical morphologies of monolayer hBN grown on highly oriented pyrolytic
graphite (HOPG) at growth temperature of 1000-1600 °C. In contrast to the monotypic atomic edges
on single-crystalline metal substrates,[! graphene substrates normally have mixture atomic edges,
including both ACg and ZZs edges. Therefore, shown in Figure S2, straight and jagged monolayer
hBN nanoribbons co-exist on the HOPG surface. Additionally, due to the unintentionally formed
surface damages during the HOPG fresh surface preparation, a few individual hBN domains were
observed on top of graphene terrace. The individual domains have a clear hexagonal shape, while the
nanoribbons consist of truncated hexagonal domains grown along the graphene atomic edges.
However, the hexagonal domains that lead to formation of straight and jagged nanoribbons have
different in-plane orientations, which were unequivocally confirmed by the orientation at the end of
the nanoribbons, shown in Figure S1a, b. Based on above thermodynamic discussion, the straight and
jagged morphologies suggest that the monolayer hBN nanoribbons grown along graphene atomic
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edges initialized with different hBN/G interfaces. The graphene interface-mediated growth process
is discussed in detail in the main text.

The density of nanoribbons dramatically decreased when growth temperature was increased to
1600 °C (Figure S1). However, the density of straight nanoribbons almost didn’t change with growth
temperature, while most of the jagged nanoribbons disappeared. The absence of jagged nanoribbons
unambiguously evidences that the possibility of forming metastable ZZg||ZZnen interface is extremely
suppressed at 1600 °C, which agrees well with the prediction of the interface-mediated growth model
based on thermodynamics.

Figure S3a shows the low magnification scanning electron microscopy (SEM) image of the hBN
nanoribbons grown at 1600 °C for 60 min. Shown in the insets are the zoom-in SEM images acquired
from three representative areas, in which the width along the entire nanoribbons is very uniform. The
small domain formed in the green box is due to the surface damage on HOPG. Shown in Figure S3b,
topographic atomic force microscopy (AFM) image and the corresponding phase channel image
confirmed that the individual nanoribbons are monolayer hBN with a thickness of ~0.35 nm.

1400 °C, 30 min 1000 °C, 30 min

1600 °C, 30 min

Figure S1. Surface morphology comparison of epitaxial monolayer hBN on HOPG with varying growth
temperatures. a-c) hBN nanoribbons grown at a) 1000, b) 1400, and c) 1600 °C for 30 min. The
nanoribbon density decreases dramatically as the growth temperature increases up to 1600 °C, and the
straight nanoribbons dominate the growth.
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100m

Figure S2. Typical morphologies of epitaxial monolayer hBN on HOPG. a) Straight monolayer hBN
nanoribbon and b) the end of the straight nanoribbon. ¢) Jagged monolayer hBN nanoribbon and d) the
end of the jagged nanoribbon. Red dashed and white dashed lines show the graphene atomic edges and
outline of the growth fronts of monolayer hBN, respectively, and white dashed arrows indicate the growth
direction. All the nanoribbons consist of truncated hexagonal domains, and the end of nanoribbons shows
a clear hexagonal geometry. The individual hexagonal domains grown near the nanoribbons show the
same orientation to the corresponding adjacent nanoribbons.

Figure S3. Uniformity of straight monolayer hBN nanoribbons. a) Low magnification SEM image of
straight monolayer hBN nanoribbons grown at 1600 °C for 60 min. Insets are the high magnification SEM
images captured from the red, green, and blue boxes, respectively. b) Height-channel (i) and phase-
channel (i) AFM images of a straight hBN nanoribbon, illustrating a thickness of ~0.35 nm for monolayer
hBN.
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3. Additional STM characterization of hBN nanoribbons: nanoribbon uniformity and growth
front registry
Complementary to the SEM imaging, our large area STM images also show the straight hBN
nanoribbons, such as the one to the left of Figure S4. A uniform moiré superlattice with single
periodicity (~16 + 1nm) is observed along the entire length imaged (~ 1 um). Small strips of bilayer
hBN are identified from analyzing step heights in this image, and do not show a moire superlattice.
Figure S5a shows an STM image acquired from a straight monolayer hBN nanoribbon growth
front. Similar to the nucleation interface shown in the main text, the atomic termination is obscured
by atomic-scale contrast likely due to defect states and/or edge contamination. However, the
corresponding unit cell in real-space (red diamonds) and FFT (green diamonds) (Figure S5b, c) for
the two regions exhibit hexagonal periodicities that are aligned between hBN and graphene. The same
orientation of FFT indicates that the hBN shares the same orientation with the underlying graphene.

Figure S4. Large-area single periodicity moiré superlattice in epitaxial monolayer hBN on HOPG. Clear
moiré superlattice with single periodicity is readily observed on monolayer hBN, while there is no clear
moiré superlattice on bilayer hBN region.
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Figure S5. Atomic configuration of the growth front of epitaxial straight monolayer hBN nanoribbons on
HOPG. a) STM image of a straight monolayer hBN nanoribbon growth front, b,c) the corresponding FFT
of hBN and graphene regions, respectively. Red and green diamonds represent the corresponding unit
cell in real- and reciprocal-space, respectively. Yellow-dashed line indicates the orientation of unit cells.

4. Electrical properties of epitaxial monolayer hBN on HOPG

Furthermore, the insulating properties and electrical reliability of the monolayer hBN were
investigated using conductive atomic force microscopy (CAFM). A schematic of the cAFM
measurement is presented in Figure S6a. Figure S6b shows the topographic AFM image of
monolayer hBN grown on HOPG, the corresponding current map was acquired by applying a constant
bias (0.01 V) between the HOPG substrate and cAFM tip (Figure S6¢). The current map exhibits a
distinct regional distribution of conductance, i.e., the tunneling currents of hBN regions are
significantly lower than that of uncovered HOPG regions. The outlines of uncovered HOPG were
easily depicted from the current map as indicated by black dotted lines in Figure S6b. The bright
sharp lines in the current map mainly result from the current fluctuation when doing contact-scan on
HOPG substrate.[*?

The height and current profiles recorded along the white arrows labeled in Figure S6b-d are
plotted in Figure S6e. This investigated region is highlighted in Figure S6d (bottom panel). It is clear
that the abrupt current change is independent of morphology and only appears at the hBN/G interfaces,
suggesting the current map was highly tailored by hBN. In the current profile of hBN, we observe a
narrow region with no obvious fluctuation, as highlighted in the inset of current profile, which
corresponds to another monolayer step in the height profile. A narrow ribbon area with monothetic
color is also observed in the current map (enclosed by white dotted lines in Figure S6c), indicating
the existence of a bilayer hBN region, consistent with the observations in SEM images (Figure 19).
As shown in the atomic schematic of Figure S6d (top panel), the doubled tunneling barrier thickness
in a vertical vdW stacking configuration results in the decrease of tunneling current under the same
bias.™?]
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Furthermore, electrical breakdown tests have been executed on the hBN nanoribbons grown at
1600 °C. Figure S7a, b show the topographic image and the corresponding current map of
hBN/HOPG. Localized I-V measurements (i.e., breakdown tests) were performed on different spots.
Figure S7c presents two representative I-V curves recorded from two points labeled as #1 and #2 in
Figure S7b. Exponential fitting was carried out to illustrate the envelope of the suddenly increased
current. The randomly fluctuated current after breakdown is due to the incomplete formation of
conduction path, which stabilizes with increasing bias**l. The breakdown voltage was deduced from
the intersection of the linear fitting of initial direct tunneling region and the exponential increasing
region (black dashed lines). The acquired breakdown voltages for hBN from point #1 and #2 are 0.29
and 0.42 V, respectively. Considering the thickness of monolayer hBN measured in this work is ~0.35
nm, a breakdown field range of 8-12 MV/cm has been achieved for the epitaxial hBN on HOPG,
suggesting these unique hBN nanoribbons are promising insulating layer for the fabrication of 2D
vdW devices. The recorded breakdown fields are located in the range of previously reported
breakdown strength for hBN[3151 while the variation may due to the surface defects which form
during high-temperature growth and the nonuniform fluctuation of HOPG morphology.*¢]

bilayer d
00-0C6C  monolayer
hBN  ce-ce-co-ce-co-co-co-co
graphene

~0.35 nm
monolayer
1 i 1

HOPG

200 400 600 800
Distance (hm)

Figure S6. Electrical properties of epitaxial monolayer hBN on HOPG. a) Schematic of cAFM
measurement. b) Topographic AFM image and c) corresponding current map of hBN grown on HOPG.
Black-dotted lines in (b) depict the outlines of uncovered HOPG. White dotted lines in (c) indicate a bilayer
hBN region. d) Magnification of the current map where uncovered HOPG, monolayer hBN, and bilayer
hBN coexist (bottom), and the corresponding atomic model (top). e) Height (top) and current (bottom)
profiles recorded along the white arrow in (b-d).
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Figure S7. Breakdown test of epitaxial monolayer hBN on HOPG. a) Topographic AFM image and b)
corresponding current map of hBN grown at 1600 °C for 120 min. ¢) Two representative |-V curves
recorded from spot #1 and #2 labeled in b).

5. Optical emission of epitaxial monolayer hBN on HOPG

Figure S8a shows the photoluminescence (PL) spectrum of hBN/HOPG grown at 1600 °C. For
comparison, PL spectra and corresponding reflectance spectra of hBN/HOPG grown at 800 and 1000
°C were collected at room-temperature (300 K). There are also a lot monolayer hBN on the surface
of these two samples but with poor uniformity, and high density of multilayer hBN or hBN
nanoparticles. Shown in Figure S8b, the dip positions in the reflectance spectra of hBN grown at 800
and 1000 °C are also at ~ 6.12 eV, suggesting a strong light-matter coupling with the presence of
monolayer hBN. Accordingly, hBN/HOPG grown at 800 °C exhibits a small shoulder at ~ 6.12 eV,
with a dominant broad peak at 5.75 eV and a wide sideband below 5.6 eV in the PL spectrum.
However, the hBN/HOPG grown at 1000 °C presents a broad shoulder at ~ 6.12 eV, with a prominent
broad peak at 5.75 eV. The asymmetric broadening of the sideband peak below 5.6 eV can be
attributed to defects emission.[”*8 Compared with the PL spectrum acquired from the hBN grown at
1600 °C (Figure 3b in the main text), the PL spectra shown in Figure S8a are dominated by the
contributions from multilayer hBN and defects, while the emission from monolayer hBN is also
observable but has a weak intensity. Figure S8c presents the temperature-dependent PL spectra
measured on the epitaxial nBN on HOPG (sample of Figure 1g). The triplet feature is well maintained
up to 300 K. A large internal quantum efficiency ~40% was estimated for the highest emission peak
(6.12 eV), suggesting monolayer hBN is a promising candidate for high performance deep-ultraviolet
(UV) optoelectronic applications.
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Figure S8. Deep-UV emission of epitaxial hBN on HOPG. a) PL spectrum of hBN/HOPG heterostructure
grown at 1600 °C (logarithmic scale of Figure 3b, 12 K). b) PL spectra (blue curves) and reflectance
spectra (red curves) of the hBN/HOPG heterostructures grown at 800 (dotted curves) and 1000 °C (solid
curves), and HOPG substrate (dashed curves) (300 K). ¢) Temperature-dependent PL spectra of hBN
grown at 1600 °C for 90 min on HOPG (after subtraction of stray laser light, spectra are shifted vertically
for clarity). The gray circles are the PL data for hBN/HOPG heterostructures, while the blue solid curve in
(a), blue solid curve and blue dotted curve in (b), and solid curves in (c) are the smoothed PL spectra.

6. Ab initio calculations of the band structure for monolayer hBN on graphene

We studied the electronic and optical properties of a monolayer hBN using first-principles
calculations based on density functional theory (DFT) and many-body perturbation theory. It is
known that hBN and graphene have very similar lattice constant (ansn = 2.504 A and ac = 2.464
A2 In this work, we used the in-plane lattice parameter of graphene for both supercell calculations
to directly compare the screening effect from each material. Also, we assumed a ~40 A thickness of
vacuum layer to prevent the interaction between periodic images. Furthermore, we considered three
different stacking configurations for the monolayer hBN/G interface (AA’ stacking, Boron-centered
AB stacking, and Nitrogen-centered AB stacking), as shown in Figure S9. We set the distance
between monolayer hBN and graphene layers as d = 3.5 A based on the AFM measurement results.
This experimental value matches with the previously reported value.[*]

Based on these supercell structures, DFT calculations were performed within the Quantum
Espresso code.[?*l We used norm-conserving pseudopotentials and the local density approximation
(LDA) for the exchange-correlation functional 2% Electronic band structure calculations were
performed on 18 x 18 x 1 Monkhorst-Pack mesh. A plane cutoff energy of 70 Ry converged the total
energy to within ImRy/atom.

Next, the quasiparticle energy is obtained from the GoWo method, as implemented in the
BerkeleyGW code.[?!l We used the screening cutoff energy of 30 Ry and included 1100 bands for the
quasiparticle calculation. We adopted the generalized plasmon-pole model for the calculation of
frequency-dependent dielectric effects®®! and the static-remainder approach to increase the

computation speed and achieve the better convergence of the self-energy corrections.[?®l Also, a
9/15
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Wigner-Seitz slab truncation is employed to eliminate the artificial interaction between periodic
images!?”l. Furthermore, we applied nonuniform neck subsampling method to effectively treat the
complicated screening of two-dimensional (2D) materials caused by the out-of-plane local fields and
achieve better Brillouin zone sampling.[?’l Using the GW-corrected quasiparticle energies, we
interpolated the band structure on finer grids using the Maximally-localized Wannier function
method?! with Wannier90 code.[?%

Due to the complexity and the heavy computation cost of optical calculations for the metal—
semiconductor heterostructure, we took the screening of the graphene into account using the
substrate-screening method, i.e. by treating the substrate as a dielectric medium but without explicitly
including its electrons into the quantum-mechanical calculations.2% First, we built two different

supercells, one containing the monolayer hBN and the other containing one to three graphene layers

(nG, n =1, 2, 3). Next, we calculated the irreducible polarizability matrix of monolayer hBN 32"

0,G
GG’

graphene, we set a total polarizability matrix y

using the BerkeleyGW code.[?? In order to include the screening effect from the

0,total __ _ 0,hBN 0,G
6’ —Xea' T Xgg'

and graphene y.
and calculate the dielectric

matrix as ;g (q) = [1 — vy totl(q)] !, Especially, it is known that the dielectric function of

GG’
graphene depends linearly on the density of states in case of the long-wavelength limit (q — 0).34
So we adopted a 160 x 160 x 1 dense Monkhorst-Pack mesh for the g — 0 limit to precisely capture
the screening effect of the graphene layers. We used the dielectric matrix and the quasiparticle band
structure obtained from this substrate-screening method for the following calculations. Figure S10
shows the quasiparticle band structure of monolayer hBN sitting on one to three graphene layers
(hBN/nG, n =1, 2, 3), showing a giant bandgap renormalization. Details are discussed in the main
text.

Finally, we solved Bethe-Salpeter equation to obtain the excitonic properties.[* We interpolated
the Coulomb matrix elements calculated on a coarse 18 x 18 x 1 k-grid into a finer 80 x 80 x 1 k-grid
using the dual-grid method. The top two valence bands and the bottom two conduction bands of
monolayer hBN were included in the calculation. The convergence of the exciton energy with respect
to the fine Nk x Nk x 1 k -grid is shown in Figure S11.

Furthermore, to get a better understanding on the substrate-screening effect, we visualized the
1s-exciton state by plotting the 1s-exciton wavefunction,

W0 m) = ) Aadabum), (1)

k.cv
where A3, is an electron-hole amplitude, and r, and ry, are the position of an electron and a hole,
respectively. We fix the position of the hole (red dot in Figure 3d of the main text) to be slightly
below the nitrogen atom of monolayer hBN layer and plotted the corresponding electron distribution.
The isosurface level is set to be 3% of the maximum isovalue. The probability of finding the electron
is maximum for the nearest boron atoms and the in-plane distribution shows the character of sp2
orbitals. We also focused on the wavefunction distribution along the out-of-plane direction (c-axis).
We find that most of the charge is confined within the monolayer hBN region, showing 2D-like
10/15
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exciton wavefunction. This indicates that the graphene layers that are located further away than the
adjacent layers do not have a significant effect on the monolayer hBN layer. Also, it has been
previously reported that there is no noticeable difference between the screening effect from bilayer
graphene and a HOPG substrate for MoSe, monolayer.[¥ Therefore, we conclude that including only

a few layers of graphene from the HOPG substrate for simulation reflects the actual substrate-
screening effect on the exciton energies and wavefunctions.

Figure S9. Staking configurations for the vertical hBN/G interface. a) AA’ stacking, b) boron-centered AB

stacking, and c) nitrogen-centered AB stacking configurations between monolayer hBN and graphene
layer. Brown, blue, and gray balls indicate B, N, and C atoms respectively.

-

——hBN

_ ——hBN/1G
sl ——hBN/2G
——hBN/3G

_10m é

r M K r

Energy (eV)

Figure S10. Quasiparticle band structure of freestanding monolayer hBN and monolayer hBN on one to
three graphene layers.
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Figure S11. Convergence of the 1s-exciton energy of the monolayer hBN with varying number of
graphene layers with respect to the number of k-points of the fine grid. 80 x 80 x 1 fine k-grid converged
the exciton energy within 5 meV.

7. Substrate-screening method
In Table S2, we summarized the direct gap of monolayer hBN on graphene obtained from GoWo with

explicit calculations including substrate electrons (EG°W°

20 °) and GoWo with the substrate-screening

method (E;(’W‘)'Sub

small discrepancy between the two methods, we compared the RPA dielectric matrix elements
obtained with and without using the substrate-screening method. Shown in Figure S12, we plotted

) that treats the substrate only as a dielectric medium. To analyze the origin of the

the inverse of the head of the inverse dielectric matrix, 1/eg2, 4o, Which contributes to the long-

range screening effect. We confirmed that the matrix components obtained from two different
methods are almost the same, with the error being less than 1%. This result demonstrates that the
interlayer hybridization between monolayer hBN and graphene is negligible due to their weak vdW
interactions, and the separate treatment of the screening from monolayer hBN and graphene can
precisely capture the total screening of the system.

We attribute the difference between the two methods to the different total charge used in the
plasmon-pole approximation (PPA). Since PPA takes the charge density for f-sum rule, a different
total charge is used in the substrate-screening method (pora1 = Pren) @nd the explicit substrate
calculation (proral = PneN T+ Pg)- This difference results in slightly different quasiparticle energies.
However, we confirm that the band structure obtained from the substrate-screening method fits well

with the band structure obtained from the explicit substrate calculation when a small constant shift
AE(: EgGOW0 — EgG°W°‘S“b) is applied. Therefore, we conclude that the difference in the bandgap

value is not from dielectric calculations, but mainly from the plasmon-pole approximation used in
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quasiparticle calculations. In subsequent BSE calculations, we used the band structure from the

substrate-screening method with a constant shift (AEg = ggoWo — pjoWosub

accurate optical properties of monolayer hBN while reducing the computation cost.

) applied to obtain

Table S2. Quasiparticle bandgap of monolayer hBN with varying number of graphene layers obtained
from Go,W, with explicit substrate calculation (E;OW") and G,W, with the substrate-screening method

(E;"W"‘S“b). Boron-centered AB stacking configuration is assumed for the vertical hBN/G interface.
GoWy,Normal GoWy,Sub
E, E, AE,
hBN/1G 7.11eV 7.07 eV 0.04 eV
hBN/2G 6.98 eV 6.82 eV 0.16 eV
hBN/3G 6.95 eV 6.68 eV 0.27 eV

—0o— Explicit substrate method
—o— Substrate-screening method

lql
Figure S12. Inverse of the head of the inverse dielectric matrix values (1/85;,_6,:0) of monolayer hBN
on three graphene layers heterostructure obtained with and without the substrate-screening method.
Boron-centered AB stacking configuration is assumed for the vertical monolayer hBN/G interface.
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