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ABSTRACT Because of the low solubility of N atoms in metals,
hexagonal boron nitride (h-BN) growth has explained by surface reaction
on metal rather than by penetration/precipitation of B and N atoms in
metal. Here, we present an impressive pathway of h-BN formation at the
interface between Ni and oxide substrate based on B—N molecular
diffusion into Ni through individual atomic vacancies. First-principles
calculations confirmed the formation energies of the h-BN layers on and

under the metal and the probability of B—N molecular diffusion in metal.

The interface growth behavior depends on the species of metal catalysts, and these simulation results well support experimental results.
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ince the discovery of graphene, its de-
vice application has been continuously
considered. In particular, to overcome
the limitation of improvements to perfor-
mance and capacity through dimensional
scale in silicon-based electronics, attention
in this field has turned to graphene elec-
tronics." However, a new concept device
structure was needed due to the poor on/
off ratio resulting from graphene's zero-
band gap. A graphene barrier transistor with
an interface between graphene and silicon?
and/or vertically stacked graphene devices
with two-dimensional (2D) layered material,
h-BN,> molybdenum disulfide (MoS,),* and
tungsten disulfide (WS,)° was introduced
and demonstrated improvement of the
on/off ratio and current density by modula-
tion of Schottky or tunneling barrier height
at the material interface. In those structures,
2D-layered materials are key components
for high performance. However, it still used
mechanically exfoliated material, and the
growth behavior for large size electronics
is not yet clearly understood.
Understanding the growth behavior of
2D-layered materials, from conducting
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graphene®’ and semiconducting MoS,® to
insulating h-BN,”~"" use of chemical vapor de-
position (CVD) is crucial to achieving quality-
controlled 2D layered materials with the
promising properties of large-area scalability,
high crystallinity, low defect density, etc.In a
typical CVD process, the surface reaction and
surface diffusion of the precursor are two
critical factors affecting layer deposition.'” To
overcome the surface reaction barrier and
induce multiple chemical transformations,
metal substrates are often used for the syn-
thesis of 2D-layered materials.

The formation of graphene can be ex-
plained by two mechanisms: (i) a surface
reaction by competitive adsorption and de-
sorption on metal” and (i) carbon segrega-
tion from a metal with significant carbon
solubility.>'® Because of the low solubility of
N atoms in metal,'*'> the formation of h-BN,
which has a structure similar to that of gra-
phene, has been explained mainly as a sur-
face reaction on metal involving the poly-
merization and recrystallization of BN precur-
sors.'®1® Recently, the formation of h-BN on
both the top and bottom surfaces of the
metal film has been reported, and its growth
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mechanism has been presumed by mass transport
through the metal film."”'® Although formation of the
h-BN layer has been observed by experiment, growth
mechanisms have not been understood clearly.

Here, we report an impressive pathway for h-BN
layer formation based on B—N molecular diffusion
through individual atomic vacancies in the metal. Until
now, it was believed that molecular diffusion in metal
was difficult to achieve. Nevertheless, by this method,
h-BN layers could be grown at the interface between Ni
and an underlying oxide substrate with a clean surface,
which could be attractive for 2D electronics. To inves-
tigate the mechanism of h-BN formation, the formation
energies of the h-BN layers and the reaction energies of
the BN precursors both on and under the surfaces of Ni
and Cu were determined using first-principles calcula-
tions based on density function theory (DFT)." It was
found that h-BN growth behavior at the interface is
distinctly different for Ni and Cu, which was in good
agreement with the experimental results. Furthermore,
to further clarify the role of B—N molecular diffusion on
the formation of h-BN at the Ni/SiO, interface, h-BN
formation was investigated using a solid precursor at
varying concentrations.

RESULTS AND DISCUSSION

h-BN layers were synthesized on polycrystalline Ni
thin films (300 nm thickness) deposited on SiO,/Si
substrates. The h-BN layer formation was achieved
in an ambient pressure CVD system using an ammo-
nia borane (AB, HsB—NHs) source, as previously de-
scribed.'® Figure 1a shows a transmission electron
microscopy (TEM) image of h-BN layers. Importantly,
high-resolution (HR) TEM images show that crystalline
h-BN layers were grown not only on top of the Ni
surface (Figure 1b) but also at the interface between Ni
and the underlying oxide (Figure 1c). The fast Fourier
transform (FFT) pattern of both the top and interfacial
layers indicated the typical hexagonal structure of
h-BN with (0002) lattices. The interlayer distance was
approximately 3.4 A, which is equal to the van der
Waals interaction distance.?

To better define the structure of the two layers, we
carried out electron energy loss spectroscopy (EELS)
measurements (Figure 1d). Both layers consisted of
visible edges starting at 191 and 400 eV, which corre-
spond to the characteristic K-shell ionization edges of B
and N, respectively.?'?? The K-edge absorptions of B
and N atoms exhibited sharp peaks followed by wider
bands, which correspond to the 1s—z* and 1s—o*
transitions, respectively. These data provide clear evi-
dence of sp*hybridization, indicating the hexagonal
arrangement of B and N atoms in each layer. Further-
more, elemental analysis by energy-filtered TEM (EF-
TEM) and depth profiling by X-ray photoelectron spec-
troscopy (XPS) clearly showed that B and N atoms were
not present in the Ni (see the Supporting Information,
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Figure 1. Characterization of CVD grown h-BN layers using
an AB precursor. (a) TEM image of h-BN layers. HR-TEM
images. (b) On top of the Ni surface (c) At interface between
Ni and SiO,/Si substrate. FFT patterns of both the top and
interfacial layers and interlayer distance were shown in
inset image. Scales bars, 100 nm (left) and 5 nm (right).
(d) EELS of the both layers.

Figure S1). The growth behavior of h-BN layers on and
under Ni was also confirmed using a different precur-
sor, borazine ((BN)sHg) (see the Supporting Informa-
tion, Figures S2 and S3).

It has previously been suggested that h-BN layers are
grown by the recrystallization of polymeric BN-rings
following the adsorption of cyclic-BN on the metal
surface.’®'® In addition, N atoms are nearly insoluble
in most transition metals, even at very high tempera-
tures near 1000 °C, unlike highly soluble B atoms.'*'>
Thus, it has been assumed that h-BN formation is
impossible at interfaces through metal. However, our
results contradict these previous reports.

To understand the h-BN growth behavior at both the
top and bottom sides of metals, we simulated the
formation energies of h-BN layers and the reaction
energies of BN precursors on and under the surfaces of
two representative metal catalysts, Ni and Cu. The
structural stability of h-BN layers on top of metal/SiO,
and at the interface between the metal and SiO, was
compared. These calculations showed that the h-BN layer
at the interface between Ni and SiO, is more stable than
the layer on top of the Ni surface by 0.85 eV, whereas the
formation of the h-BN layer on top of the Cu surface is
more stable than at the Cu/SiO, interface (Figure 2)
by 3.68 eV (see Figure S4, Supporting Information).
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Figure 2. Calculations of structural stability of h-BN layers on top of metal/SiO, and at the interface between the metal and
SiO;. Blue, red, violet, and gray spheres visualize N, B, SiO,, and metal atoms, respectively.
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Figure 3. Reaction energy diagram for h-BN layer growth on and under the Ni metal. (a) Reaction coordination vs reaction
energy for h-BN growth using AB. Blue line is a stable reaction path and red line is opposition. Gray line is energetically
compatible. (b) Surface reaction energy of B—N molecule for diffusion. (c) Stability of B—N molecule in interstitial and
vacancies in bulk Ni. (d) Diffusion barrier of Ni vacancy (left) and Ni vacancy mediated B—N molecule (right). Bulk Ni cut to

(110) orientation and red circles are vacancy sites.

These results imply that h-BN formation at the interface
is favorable for Ni but not for Cu.

To further clarify h-BN growth behavior at the inter-
face, the reaction energies for the individual growth
steps at the atomic scale were investigated. Figure 3a
shows the reaction diagram of the AB precursor on Ni
for h-BN formation. First, this diagram shows that
dehydrogenation of H3B-NHs occurs on the Ni surface,
as this reaction is more favorable than B—N bond
dissociation. Then, it shows that the dehydrogenation
energy of H,B—NH, is similar to the polymerization
energy of H,B—NH,, indicating competition between
these two processes. Finally, h-BN formation is energe-
tically favorable and is achieved from cyclic BN
(/3((BN)3;Hg)) on the Ni surface. Collectively, these
results reflect in the previous experimental reports.'%'®
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Interestingly, the formation of the B—N molecule by
dehydrogenation on Ni was observed to be energeti-
cally stable, and its diffusion was explored for the
proposed metal atomic vacancy-assisted interfacial
growth. For this investigation, two well-known inter-
stitial and substitutional diffusion mechanisms were
considered.? For the interstitial diffusion mechanism,
the stability of the B—N molecule was calculated for the
movement of B—N molecules from the top of Ni to the
subsurface. First, as B—N molecules are adsorbed onto
the surface of Ni, only diffusion of B atoms is favorable.
Due to the low solubility of N in Ni, N atoms are
excluded from the surface, leading to elongation of
the bond length from 1.39 t02.30 A (Figure 3b (ii)).
Then, when the B—N molecule is assumed to be
included interstitially as a molecule, its incorporation
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Figure 4. Reaction energy diagram for h-BN layer growth on Cu metal. (a) Reaction coordination vs reaction energy for h-BN
growth. Blue line is a stable reaction path and red line is opposition. (b) HR-TEM images of grown h-BN layer on top of the Cu/
SiO,/Si substrate in experiment. Scales bars, 10 nm (top), 200 nm (middle) and 20 nm (bottom).

is energetically unstable (Figure 3b (i)). On the other
hand, occupation of the B—N molecule in a surface
vacancy is energetically favorable (Figure 3b (iv)) com-
pared to adsorption of the B—N molecule onto the
surface (Figure 3b (iii)). Furthermore, pre-existing Ni
vacancies in the bulk can provide more stable sites
than surface vacancies and allow for the diffusion of
B—N molecules (Figure 3c bowwom).

To understand diffusion kinetics of B—N molecule in
Ni, we simulated barrier heights for Ni vacancy diffu-
sion and Ni vacancy mediated B—N molecule diffusion.
We created vacancy from one of the nearest neighbor-
ing sites and simulated the diffusion barrier placing Ni
and B—N molecule in the middle of the original posi-
tion and the vacancy due to the symmetry of the
lattice, as shown in Figure 3d. The energy barrier of
Ni vacancy diffusion agrees well with previous work.>*
In addition, the diffusion barrier of B—N molecules
placed on pre-existing vacancy in Ni (the most stable
state, Figure 3C) is comparable to self-diffusion barrier
heights of transition metals.? Thus, it is concluded that
B—N molecules can diffuse into Ni through Ni atomic
vacancies, which are abundant near grain boundaries,
and then form h-BN layers at the interface, as shown in
Figure 1a.

Notably, the h-BN growth behavior on Cu is com-
pletely different from that on Ni (Figure 4a). The
reaction energy of each step on Cu is generally less
stable than that on Ni. Furthermore, the formation of
B—N molecules by dehydrogenation is energetically
less favorable on Cu than on Ni. This result suggests
that the formation of h-BN layers at the interface
between Cu and SiO, is not favorable, as displayed in
Figure 2, and agrees with the experimental result
showing no h-BN growth at the Cu/SiO, interface
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(Figure 4b). Therefore, these results demonstrate that
h-BN growth at the interface is strongly related to the
formation of the B—N molecule and to its stability on
the metal surface.

To further clarify the role of B—N molecular diffusion
on the formation of h-BN at the Ni/SiO, interface, h-BN
formation was investigated using a solid AB precursor
at varying concentrations. A solid rather than gas
precursor was chosen to avoid the penetration possi-
bility through edge of substrate to the interface be-
tween the metal layer and SiO,. Figure 5a shows a
schematic illustration of h-BN formation on both sides
of Ni by a thermal treatment using a solid precursor.
AB precursors are converted into a polymeric —
[NH=BN],,— species above 130 °C, and the polymers
are maintained as a solid near 1200 °C."® Briefly, the AB
precursor was dissolved in 1 mL tetrahydrofuran (THF)
at 20, 30, and 50 mg/mL and then spin-coated onto Ni
(300 nm thickness)/SiO, substrates. The metal with
a solid precursor was then preheated near 120 °C for
30 min to uniformly spread the precursor on the metal
surface (see the Supporting Information Figure S6).

The h-BN layer formed by the solid precursor was
grown not only on top of the Ni surface but also at the
interface, indicating similar growth behavior com-
pared to the gas precursor (Figure 1). HR-TEM images
show that the h-BN layer thickness on top of the Ni
surface and at the interface increased linearly with the
precursor concentration (see Figure 5b—d and Figure S7,
Supporting Information). Furthermore, a hexagonal
crystalline structure was observed for both h-BN layers
according to the FFT patterns (inset of Figure 5d). In the
case of the top layer, all of the TEM images show
amorphous BN phases on the crystalline h-BN layer
(away from the metal surface) due to their formation
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Figure 5. Characterization of CVD grown h-BN layers using a solid AB precursor. (a) Schematic illustration of h-BN formation
on both sides of Ni by a thermal treatment using a solid precursor. Blue, red, and small yellow spheres visualize N, B, and H
atoms, respectively. (b—d) HR-TEM images of h-BN layer grown by varying concentration of solid precursor: (b) 20 mg, (c) 30
mg, and (d) 50 mg in THF. Top row is top-layer and bottom row is interface-layer after thermal treatment. The corresponding

FFT patterns were shown in inset of (d). Scale bar, 5 nm.

with less benefit from the metal (Figure 5b—d upside).
In contrast, a pure crystalline h-BN structure is ob-
served at the interface because B—N molecules diffused
through the metal and continuously interacted with the
metal during the formation of a new h-BN layer between
preformed h-BN and Ni (Figure 5b—d downside). The
thickness of the interfacial layer by the solid precursor is
greater than that of the top layer, which is in contrast to
the gas precursor results shown in Figure 1a. This result
provides clear evidence of B—N molecular diffusion in
the metal. Furthermore, it suggests that predeposited
solid AB precursor has a greater chance to diffuse in
the metal, while presynthesized h-BN layers in the gas
precursor system could have prevented the precursor
reaction with metal. Large-sized, continuous h-BN layers
were obtained from both sides of the metal after con-
ventional transfer methods (see Figure S8, Supporting
Information)."’

METHODS

Growth of Hexagonal Boron Nitride (h-BN). Ni (300 nm)-deposited
SiO,/Si substrates were placed in an ambient pressure CVD
chamber and gradually heated up to 1000 °C for 2h 30 minin a
mixed Ar/H, (80:20 vol %) flow with a flow rate of 100 sccm.
Then, the main growth was carried out in a mixed Ar/H, gas flow
of 75 sccm for 30 min at 1000 °C with ammonia borane (AB,
H3B—NH3) as the precursor material. AB was sublimated at
110—130 °C using a subheating chamber with a N, gas flow
of 25 sccm. Finally, after the main growth, the chamber was
cooled to 180 °C with a mixed Ar/H, gas flow at a flow rate of
100 sccm for 4 h.

Characterization of Both h-BN Layers on and under Metal. Cross-
sectional high-resolution transmission electron microscopy
(HR-TEM) (Tecnai Titan 80-300, FEO Co) provided further insight
into the existence of the h-BN layer at the interface between
the Ni catalyst and SiO,/Si substrates after the growth process.

PARK ET AL.

CONCLUSION

We have shown that h-BN layers can be formed on
top of Ni by a surface reaction of precursors and also at
the interface between Ni and an underlying oxide
substrate by B—N molecular diffusion. The h-BN layer
at the interface between Ni and SiO; is relatively stable,
whereas the layer on top of Cu/SiO, is favorable.
Eventually, the formation and stability of B—N mol-
ecules on Ni metal can provide an opportunity for
interfacial growth by metal atomic vacancy-assisted
B—N molecular diffusion. Furthermore, h-BN formation
at the interface by the solid precursor clearly proved the
B—N molecular diffusion. The solid precursor also pro-
vides a means for controlling the h-BN layer thickness on
the oxide substrate with clean structure. This method
could be useful for directing h-BN growth on substrates
that are to be utilized in 2D electronics without requiring
any transfer process that could generate defects.

HR-TEM was also used to investigate the film crystallinity and
the diffraction pattern by the fast Fourier transform (FFT)
method. The interlayer distance of the h-BN layer was obtained
from the intensity profile of the lines at the edges. The structural
quality was characterized by electron energy-loss spectroscopy
(EELS) measurements. Raman spectroscopy (RM-1000 Invia,
514 nm, Ar" ion laser, Renishaw) and X-ray photoelectron
spectroscopy (XPS) (QUANTUM 2000, Physical Electronics) were
also used to characterize the h-BN layer.

General Methods for Computational Modeling. The formation
energies of the h-BN layer and the reaction energies of the
BN precursors were determined using first-principles calcula-
tions performed using the density functional theory (DFT)-
based pseudopotential method.'® The DFT simulations were
performed using the Vienna ab initio simulation package
with the Perdew—Burke—Ernzerhof (PBE) exchange-correla-
tion functional and the projector augmented-wave pseudo-
potential 25?7
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Formation Energy of h-BN Layer on and under Metal. Stack struc-
tures consisting of a single surface unit cell of 5-quartz, 2 x 2
surface unit cells of metal catalyst (Ni or Cu), and 2 x 2 unit cells
of h-BN were used. The lattice mismatch between the stack
structures was less than 3% (see Table S1, Supporting Infor-
mation). The 3-quartz lattice constant was used as the reference
for all of the simulations. $-Quartz has five Si layers, with the
bottom oxygen layers terminating in hydrogen, while the
metals used have three atomic layers. During relaxation, the
bottom hydrogen layer, the oxygen layers, and the bottommost
Si layers were fixed in their bulk positions. A6 x 6 x 1 k-point
sampling was adopted.

Reaction Energy of BN Precursor. Slab structures with Ni (111)
and Cu (111) orientations were used, as these are the most
stable surface orientations in face-centered cubic (fcc) struc-
tures. For the small molecule simulations, such as those related
to H3BNH; and its dehydrated structures, the slabs used were
3 x 3 surface unit cells with four atomic layers. For larger
molecules, such as B3NsHg, the slabs were 5 x 5 surface unit
cells to keep a similar B—N density on metal surfaces. All atoms
were relaxed, except those in the bottom two layers, which were
kept at their bulk positions. A 4 x 4 x 1 k-point sampling was
adopted. For the surface and interface simulations, vacuum
spaces more than 15 A in size were inserted to prevent inter-
actions between repeating images. For the bulk simulations, 3 x
3 X 3 fcc unit cells were used with a 3 x 3 x 3 k-point sampling.
The reaction energies were calculated with respect to the metal
surface and the AB precursor for the surface reactions and with
respect to the metal bulk and the AB precursor for the bulk
simulations. It was assumed that all of the hydrogen atoms that
detached from the AB precursor during the reactions were
desorbed in the form of hydrogen molecules. A cutoff energy of
36.75 Ry was used.
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