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Abstract
Reliable and controllable growth of two-dimensional (2D) hexagonal boron nitride (h-BN) is
essential for its wide range of applications. Substrate engineering is one of the critical factors that
influence the growth of the epitaxial h-BN films. Here, we report the growth of monolayer h-BN
on Ni (111) substrates incorporated with oxygen atoms via molecular beam epitaxy. It was found
that the increase of incorporated oxygen concentration in the Ni substrate through a pretreatment
process prior to the h-BN growth step would have an adverse effect on the morphology and
growth rate of 2D h-BN. Under the same growth condition, h-BN monolayer coverage decreases
exponentially as the amount of oxygen incorporated into Ni (111) increases. Density functional
theory calculations and climbing image nudged elastic band (CI-NEB) method reveal that the
substitutional oxygen atoms can increase the diffusion energy barrier of B and N atoms on Ni
(111) thereby inhibiting the growth of h-BN films. As-grown large-area h-BN monolayer films
and fabricated Al/h-BN/Ni (MIM) nanodevices were comprehensively characterized to evaluate
the structural, optical and electrical properties of high-quality monolayers. Direct tunneling
mechanism and high breakdown strength of ~11.2 MV cm™ ' are demonstrated for the h-BN
monolayers grown on oxygen-incorporated Ni (111) substrates, indicating that these films have
high quality. This study provides a unique example that heterogeneous catalysis principles can
be applied to the epitaxy of 2D crystals in solid state field. Similar strategies can be used to grow
other 2D crystalline materials, and are expected to facilitate the development of next generation
devices based on 2D crystals.

Supplementary material for this article is available online

Keywords: two dimensional (2D) materials, hexagonal boron nitride (h-BN), molecular beam
epitaxy (MBE), catalyst-assisted growth

(Some figures may appear in colour only in the online journal)

1. Introduction its excellent properties, wide bandgap (~5.9eV) [1], high
electric breakdown strength (~12MV cm™ '), high thermal
Atomically thin hexagonal boron nitride (h-BN) has drawn  conductivity (~600 Wm 'K "), excellent thermal/chemical
tremendous attention for next-generation electronics owing to  stability, and a surface free of dangling bonds [2—4]. Due to
these remarkable properties, h-BN has been adopted perfectly
* Author to whom any correspondence should be addressed. as an insulating layer in capacitors [5, 6], transistors [7-11],

0957-4484,/23/505602+14$33.00 Printed in the UK 1 © 2023 I0P Publishing Ltd



Nanotechnology 34 (2023) 505602

Y Li et al

an active layer for resistive switching memristors [12-16],
single-photon emitters [17-19], and ultra-flat anti-scattering
substrate and encapsulation layer [20-24] for van der Waals
materials nanodevices. All of these applications propose strict
requirements on h-BN quality and demand for large-scale
reliable and controllable synthesis methodologies to achieve
high quality 2D h-BN films [25].

The exfoliation method is the most used method to obtain
high-quality 2D flakes for research purposes since the dis-
covery of exfoliated graphene in 2004 [26]. Even though
many exfoliation techniques have been developed during the
last decades [27-30], exfoliated flakes are normally very
small with non-uniform sizes and thicknesses, so that exfo-
liation is not a scalable method to produce h-BN films. The
bottom-up synthesis of h-BN films such as chemical vapor
deposition (CVD) and physical vapor deposition (PVD)
provides larger size continuous h-BN films. However, one of
the unresolved problems is that epitaxial h-BN films often
possess higher defect densities than those obtained through
high-temperature high-pressure methods, such as adventitious
impurities [31], grain boundaries [32, 33], and nucleation
point [34, 35], which result in scattering or pinning of charge
carriers between adjacent conducting layers that impair device
performance.

One of the methods to reduce the defect density and
achieve higher quality is to grow single-crystal h-BN film.
Lee et al achieved the growth of wafer-scale single-crystal
h-BN films by means of self-collimation of B and N edges
induced by electrostatic interaction between grains to even-
tually form a single-crystalline monolayer on a melted Au
substrate [36]. Wang et al reported epitaxial growth of a 100
square-centimeter single-crystal h-BN monolayer on a low-
symmetry Cu (110) surface with the aid of Cu <211> step
edges coupling with h-BN zigzag edges to enable large
domain unidirectional alignment [2]. Chen et al reported top-
edge Cu step edges assisted growth of h-BN monolayer on
single-crystal annealed high-symmetry Cu (111) surface [37].
Cheng et al demonstrated the plasma-assisted MBE growth of
mono- and few-layer h-BN on highly orientated pyrolytic
graphite (HOPG) substrates at high temperatures ~ 1390 °C
[38]. Our previous effort also led to the synthesis of a large-
area single-crystal h-BN monolayer on an annealed single-
crystal Ni (111) substrate [5]. However, these successful
growths of h-BN relied on the preparation of perfect high-
purity single-crystal metal substrates, which are rather com-
plicated and expensive. A cost-effective way is to carry out a
secondary recrystallization process on polycrystalline trans-
ition metal substrates to form very large single-crystal grains
in the substrate for 2D h-BN growth [39]. Another strategy
for achieving wafer-scale 2D h-BN single crystal growth is
the enhancement of the catalytic strength of the transition
metal substrate. Our group reported that the incorporation of
carbon in Co and Ni substrates as interstitial can improve the
adsorption of B and N atoms and reduce the diffusion barrier,
resulting in wafer-scale 2D h-BN films with uniform thick-
ness [4, 39-42]. The embedded carbon interstitial has effec-
tively influenced the d-orbital electronic structures of the
transition metal, leading to the enhanced catalytic effect.

Similar substrate engineering approaches achieved by other
groups include nucleation control and growth speed control
for large domain h-BN monolayers by Si-doped Fe substrates
[43], iron boride (Fe,B) alloy [44], and Fe—Cr flux [45]. Also,
oxygen-assisted chemical vapor deposition growth of 2D
h-BN on copper foils was demonstrated to suppress nuclea-
tion density and enhance the size of 2D h-BN domains
[46, 47]. 1t should be noted that the incorporation of different
impurities in transition metal substrates does not always lead
to enhanced catalyst strength of the substrates and increased
growth speed of 2D crystals, for example, the growth speed of
h-BN monolayer is significantly reduced on carburized sin-
gle-crystal Ni(111) substrates [3]. Previous efforts on the role
of modification in transition metal substrates on the growth
speed of 2D h-BN layers compared with direct growth on
pristine substrates are summarized in table S1 in the sup-
porting materials. Although oxygen incorporation in copper
can enhance the growth of 2D h-BN [46, 47], the role of
oxygen incorporation in nickel substrates on 2D h-BN growth
was not studied and the underlying growth mechanism
remains unknown.

In this work, we studied the role of the incorporation of
oxygen atoms in Ni (111) substrates on the growth of h-BN
monolayers both experimentally and theoretically. Ni (111)
substrates were obtained by high temperature thermal
annealing Ni foils at 1400 °C. After that, pre-annealed Ni foils
were further electropolished to achieve fresh and flat surfaces.
Monolayer h-BN films with different growth conditions were
grown by MBE. Scanning electron microscopy (SEM) was
used to characterize the morphology and coverage of the
h-BN films. Surface and depth-profiling x-ray photoelectron
spectroscopy (XPS) was used to characterize the sample
surface elements bonding and concentrations. Coverage-
dependent reflection high-energy electron diffraction
(RHEED) was employed to analyze the epitaxial relationship
between h-BN film and substrates. Density function theory
(DFT) and climbing image nudged elastic band (CI-NEB)
methods were employed to explain the experimental results.
Metal /h-BN /metal (MIM) devices based on monolayer h-BN
film were fabricated to study the nano-capacitance, and
electrical breakdown.

2. Experimental methods

2.1. h-BN growth

Nickel (Ni) foils with a thickness of 0.1 mm and a purity of
99.995% from Alfa Aesar were first annealed at a high
temperature of 1400 °C to obtain single crystal Ni (111) foils.
Then annealed foils were electropolished and cut into 1 cm x
1 cm pieces as substrates. Electropolishing took place in the
electrolyte mixed with DI water, sulfuric acid (H,SOy, 96%),
and phosphorous acid (H3PO3, 85%) in the ratio of 3:4:7. The
polished substrate was rinsed in DI water to remove chemical
residue. These substrates were degreased and deoxidized in
isopropyl alcohol (IPA, C;3;HgO) solution, diluted hydro-
chloric acid (HCI) (10%), rinsed in deionized (DI) water,
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Figure 1. (a) Schematic of high temperature annealing of Ni (111) substrates for h-BN growth. (b) Schematic of h-BN monolayer growth
procedure including sequential hydrogen annealing, oxygen incorporation and h-BN growth. (¢c) XRD pattern in a § — 26 scan mode of as
received Ni foil, the same foil after thermal annealing and after h-BN growth.

nitrogen gun blown dry, and finally loaded into a Perkin—
Elmer MBE system with a background pressure of 10~ Torr.
A Knudsen effusion cell filled with boron oxide powder
(B,03, Alfa Aesar, 99.999% purity) was used as boron
source. High purity ammonia (NH;, American Gas Group,
99.9995% purity) were used as nitrogen source through a
mass flow controller. All samples were grown at 870 °C with
10 sccm ammonia (NH3) and boron oxide (B,03) effusion
cell at 1170 °C.

2.2. Film characterization

SEM images were acquired using a TESCAN Vega 3 scan-
ning electron microscopy in secondary electron (SE) imaging
mode. XPS spectra were acquired using a Kratos AXIS
ULTRA XPS system equipped with an Al K-Alpha x-ray
source (photon energy of 1486.7eV) and a 165 mm mean
radius electron energy hemispherical analyzer. The vacuum
pressure was kept below 3 x 1072 Torr during the acquisi-
tion. The photoelectrons have a take-off angle of 90° to the
surface, where detected electrons originate from the sample
surface with a trajectory in line with the surface normal. XRD
spectra were acquired using a Panalytical Empyrean Series 2
system equipped with a Cu K-Alpha x-ray source. UV-vis
absorption spectra were obtained using an Agilent Cary 5000
double beam UV-vis spectrophotometer. Raman spectra were
obtained using a confocal HORIBA LabRam microscope
equipped with a 60 mW 532 nm laser. AFM images were
acquired using tapping mode of a Veeco D5000 AFM system.
STM images were acquired using Nanosurf Naio STM sys-
tem. HRTEM images and SAED pattern were acquired using
ThermoFisher Scientific Titan Themis 300 system.

2.3. Theoretical calculations

First-principles density functional theory (DFT), utilizing the
Vienna Ab Initio Package (VASP), was implemented to cal-
culate the adsorption and diffusion energies of the Ni(111)
surfaces. All calculations used the Perdew—Burke—Ernzenhof
(PBE) variation of the generalized gradient approximation
(GGA) and the projector-augmented wave (PAW) method. A
converged plane-wave energy cut-off of 600 eV and a k-point
mesh of 4 x 4 x 1 is used for relative accuracy with reduced

computational cost. The pristine surface consists of a
4 x 4 x 4 slab with 64 nickel (Ni) atoms. Similarly, the
oxygen-incorporated surfaces consist of one and two Ni
atoms replaced with oxygen (O) atoms to simulate the more
stable substitutional point defects. The adsorption energies are
calculated using a single B or N atom along the path between
an HCP site and an adjacent HCP site. The climbing image
nudged elastic band method (CI-NEB) was implemented to
elucidate the barrier height associated with diffusing B or N
atoms between adsorption sites.

2.4. Device fabrication and characterization

Metal-insulator—metal devices were fabricated by depositing
100 nm Al metal contact onto as-grown h-BN on Ni (111)
substrate sample by a standard photolithography and lift-off
process using Karl Suss Model MA-6 mask aligner system
and Temescal BJD E-Beam evaporator system. /-V mea-
surements were carried out by an Agilent 4155C semi-
conductor parameter analyzer. C-V measurements were
carried out by an Agilent 4284 A precision LCR meter.

3. Results and discussion

3.1. Growth and characterization of h-BN monolayers on
oxygen incorporated Ni (111)

Figure 1(a) shows a schematic of the thermal annealing pro-
cess of Ni foils in a ceramic tube high-temperature furnace
using c-sapphire (Al,O3) as sample holder at 1400 °C for
90 min. A mixture of 200 sccm Ar and 200 sccm H, gases
was used as protection gas flowing through the tube during
the annealing and the tube pressure was controlled at
500 Torr.

Figure 1(b) shows a schematic of the h-BN monolayer
growth procedure with boron oxide (B,O5) pretreatment. The
growth conditions and parameters are shown in table S2 in the
supporting information. The substrate was first heated to
870 °C and annealed at this temperature in 10 sccm hydrogen
(H,) condition for 15 min to remove any possible adventitious
contaminations at the substrate surface. Then, the shutter of
the B,O; effusion cell at 1170 °C was opened, the Ni (111)
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Figure 2. (a)—(h) SEM images of h-BN monolayer samples on Ni (111) substrates with different B,O3 pretreatment time, 0, 10, 15, 20, 30,
45, 60, and 90 min, respectively, then followed by fixed 15 min h-BN growth. All scale bars here are 500 ym. (i) The coverage of h-BN,
exhibiting an exponential decay relationship with the increase of pretreatment time.

substrates were treated with B,O3 from 0 to 90 min for dif-
ferent samples. The purpose of this step is to incorporate
oxygen atoms into the substrate with different concentrations
to tune the catalytic strength of the substrate while B atoms
have negligible incorporation as shown in the x-ray photo-
electron spectroscopy (XPS) results later. It is noted that
while direct oxidation of hot Ni substrates by leaking a small
amount of oxygen gas into the MBE chamber may be a more
straightforward way to incorporate oxygen atoms into the
substrates, our B,Oj treatment to introduce oxygen into Ni
substrate is a convenient and feasible approach since our
MBE system has the B,0O5 effusion cell but no oxygen gas
line. After B,O5 pretreatment, both B and N sources were
introduced into the chamber at the same time to start the
epitaxial growth of h-BN at 870 °C with 10 sccm ammonia
(NH3) and B,05 effusion cell at 1170 °C. By controlling the
growth time, the morphology of h-BN monolayer samples
evolves from small flakes to larger domains, to con-
tinuous films.

Figure 1(c) presents the x-ray diffraction (XRD) char-
acterization results of as received and annealed Ni substrates,
and a sample after h-BN growth. As seen from figure 1(c),
XRD patterns show the evolution from pristine Ni substrate
with different crystallographic orientations to annealed Ni
substrate with only one dominant (111) orientation. In addi-
tion, the sample with h-BN on top exhibits Ni (111) surface

orientation only, indicating that the growth of h-BN did not
change the substrate orientation property.

Figure 2 shows SEM characterization results of h-BN
coverage for the samples with different duration of B,O;
pretreatment of Ni (111) substrates. All samples were grown
at the same condition at 870 °C with 10 sccm NH3 and B,0;
effusion cell at 1170 °C for 15 min, except with different
B,0;3 pretreatment time, from 0, 10, 15, 20, 30, 45, 60, to
90 min, respectively. Figures 2(a)—(h) show SEM images of
the samples, showing the morphology evolution of h-BN
monolayers. As seen from the images, flake sizes and
nucleation densities decrease with the increase of B,0; pre-
treatment time. Then, the area coverages of the h-BN
monolayers on the substrates were obtained by ImagelJ soft-
ware. Specifically, the coverages are 44.63%, 32.17%,
25.61%, 16.13%, 10.17%, 4.64%, 4.81%, and 2.96% for the
samples on Ni (111) substrates with 0, 10, 15, 20, 30, 45, 60,
90 min B,0; pretreatment time, respectively. Figure 2(i)
shows a plot of the h-BN monolayer coverage as a function of
B,0O; pretreatment time. The fitted curve exhibits an expo-
nential decay relationship between the coverage and the
pretreatment time ¢. The exponential decay function can be
expressed as

t
AgN ZAoeXP(—t—)+B (D
0
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Figure 3. Morphology characterization results of time-dependent growth of h-BN monolayers. (a)-(c) SEM images of h-BN monolayer
samples on Ni (111) substrates without B,O5 pretreatment at a growth time of 15, 30, and 60 min, respectively. (d) H-BN coverage as a
function of growth time for samples shown in (a)—(c). (e)—(g) SEM images of h-BN monolayer samples on Ni (111) substrates pretreated by
B,0;3 for 30 min, at a growth time of 15, 30, and 60 min, respectively. (h) H-BN coverage as a function of growth time for samples shown in
(e)—(g). ()—(k) SEM images of h-BN monolayer samples on Ni (111) substrates pretreated by B,O3 for 60 min, at a growth time of 15, 30,
and 60 min, respectively. (I) H-BN coverage as a function of growth time for samples shown in (i)—-(k). All scale bars on SEM images

are 500 pm.

where Apy is the fractional coverage of h-BN, and Ag is a
constant, which is fitted to be 47.0%. t, is the initial time
constant, which is 17 min.

Figures 3(a)-(c) show SEM images of h-BN monolayer
films grown on pristine Ni (111) substrates without any B,0O3
pretreatment at a growth time of 15, 30, and 60 min,
respectively. Inset in figure 3(c) shows an SEM image of the
film edge. Clear contrast in the image shows that the darker
region is fully covered continuous h-BN film while the lighter
region is exposed Ni substrate because this region was cov-
ered by substrate holder during the growth. The evolution of
h-BN coverage versus the growth time is shown in
figure 3(d), showing the increase of the coverage from 45%,
to 71%, to 100%. Figures 3(e)—(g) show SEM images of
h-BN monolayer films grown on 30 min B,0O5 pretreated Ni
(111) substrates at a growth time of 15, 30, and 60 min,
respectively. The evolution of h-BN coverage versus the
growth time is shown in figure 3(h), showing the increase of
the coverage from 11%, to 60%, to 85%. Figures 3(i)—(k)
show SEM images of h-BN monolayer films grown on 60 min
B,Oj; pretreated Ni (111) substrates at a growth time of 15,
30, and 60 min, respectively. The evolution of h-BN coverage
versus the growth time is shown in figure 3(1), showing the
increase of the coverage from 5%, to 36%, to 65%.

The overall behavior of h-BN from nucleation to film
growth with coalescence and area saturation is further studied
under the framework of the Johnson—-Mehl-Avrami—

Kolmogorov (JMAK) model [41, 48]. The modified IMAK
equation is expressed as

Apn = 1 —exp (k(r — 10))" 2)

where Apy is the fractional coverage of h-BN, and k is the rate
constant. The index 7 is the Avrami exponent, which is related
to the dimensionality of the system and rates of nucleation and
growth. It can be expressed as n = gm + b, where g equals 1
for reaction controlled linear growth, or %2 for diffusion con-
trolled parabolic growth; m stands for the growth dimension and
m is 2 for 2D growth; b stands for nucleation rate where b is 0
for site-saturated instant nucleation or b is 1 for continuous
nucleation with constant rate. Figures 3(d), (h), and (1) plot the
h-BN coverage versus growth time and red curves are fitted by
JMAK equation. Figure S1 in the supporting information shows
SEM images of more samples grown at the same condition as
those in figures 3(a)—(c) but with different growth times, together
with a plot of the h-BN coverage versus growth time. An
average of n = 1.05 & 0.02 is extracted from these exper-
imental data, suggesting site-saturated instant nucleation
(b &~ 0), two-dimensional, nonlinear diffusion-controlled growth
(g ~1/2, m = 2). Specifically, the ammonia (NH3) and boron
oxide (B,0O3) sources were decomposed on the Ni (111) surface
at growth temperature (870 °C). The decomposition supplies
both boron and nitrogen atoms onto the metallic surface, leading
to Ni catalyst-assisted absorption and surface diffusion of these
species, and surface-mediated two-dimensional nucleation and
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Figure 4. XPS results of Ni substrates with different B,O5 pretreatment times. (a)—(c) XPS sputtering depth profiling spectra of Ni 2p, O 1s,
and B 1s as a function of sputtering depth from 0-7 nm from the 60 min B,Oj3 pretreated substrate surface. (d)—(f) XPS spectra showing the
evolution of Ni 2p, O 1s, and B 1s from Ni substrate surfaces with different B,O5 pretreatment time from 15 min to 90 min. (g)-(i) XPS
spectra of Ni 2p, O 1s, N 1s and B 1s from a typical as-grown h-BN sample on Ni (111) pretreated by B,O5 for 30 min followed by a h-BN

growth duration of 30 min.

growth of h-BN films. Catalyst-assisted growth mechanism is
common for the growth of 2D h-BN on all transition metal
substrates. The incorporation of oxygen into Ni (111) substrate
affects its catalyst strength through the change of absorption and
diffusion of nitrogen and boron atoms, as presented in our DFT
calculation results later.

XPS was employed to quantitatively estimate oxygen and
boron bonding and concentration on the surface of Ni (111)
substrates after different B,O; pretreatment time and after the
h-BN growth. Figures 4(a)-(c) show XPS sputtering depth
profiling spectra of Ni 2p, O 1s, and B 1s as a function of
sputtering depth from O to 7 nm from the 60 min B,Oj3 pre-
treated Ni (111) substrate. With the increase of sputtering
depth, the overall intensity of Ni 2p peak increases while the
intensity of O Is decreases. Although the signal of B 1s peak
is supposed to be located at ~190.1 eV, there is no obvious
evidence for the presence of B 1s in all depth-dependent XPS

spectra. This suggests that negligible B atoms are incorpo-
rated into or stay on the Ni substrates surface, which might be
due to high desorption rate of B atoms from the Ni substrate
surface or boron depletion at the oxidized Ni surface [49]
after pretreatment at the substrate temperature of 870 °C and
without any other reactive elements such as N.

For quantitative analysis of the chemical bonding and
elements states at the B,O3 pretreated Ni surface, the spectra
of Ni 2p, O 1s and B 1s were fitted and deconvoluted as
shown in figure 4. The Ni 2p spectra split in Ni 2p3/, and Ni
2py s, based on the spin—orbit coupling ranging from 850 to
870 eV and from 870 to 890 eV, respectively. Complex main
peaks and satellite peaks were observed from the spectra and
based on their characteristic binding energy positions and
areas, we can estimate the distribution of Ni and O atomic
percentages and their corresponding chemical states. The
structures of Ni 2p main peaks and their satellite peaks
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depend on oxygen concentration and the interaction of Ni
atoms with their neighboring NiOg octahedra [50]. The Ni 2p
binding energy peaks in XPS spectra were analyzed and
reported before. The Ni metal main peak in Ni 2p3,, was
reported at 852.6 eV. Binding energy peaks at 853.6, 855.3,
860.5, 866.3, 870.1, and 878.93 eV were assigned to the NiZ+
state and peaks at 857.2, 861.5, and 872.5 eV were assigned
to Ni*". The characteristic core level of O 1s spectra in
figures 4(b), (e) and (h) ranging from 525 to 539 eV can be
deconvoluted into 4 peaks, O®~ interaction with Ni**, Ni**
OH™, and adventitious C—O, which were located at ~529.3,
~531, ~532.1, and ~533.2 eV, respectively. The peak at
~529.3 eV assigned to Ni*" was due to the lattice oxygen
interaction in the form of Ni—O octahedral bonding of NiO.
The peak at ~531 eV ascribed to Ni*" was attributed to the
metal vacancy or deficiency in the lattice in the form of
corner-sharing NiO, tetrahedra. The peak at ~532.1eV
represents the —OH group and peak at ~533.2 eV represents
the existence of adventitious C—O bond absorbed at the sur-
face [51]. Therefore, after the pretreatment of B,O; the
thermodynamic equilibrium of the Ni(111) surface would
form O atoms substituting the Ni vacancies [50, 52].

The Ni to O atomic ratio is estimated to increase from
0.945, 3.20, 3.69, 4.72, 640, to 6.80 as sputtering depth
increases from 0, 1, 2, 3, 5, to 7 nm, respectively. XPS spectra in
figures 4(d)—(f) show the evolution of Ni 2p, O 1s and B 1s from
Ni substrate surfaces with different B,O; pretreatment times,
from 15, 30, 60, to 90 min. As the increase of B,O; pretreatment
time, Ni 2p peak intensity decreases while O 1s peak intensity
increases. Based on the deconvolution estimation, the Ni to O
atomic ratio is decreasing from 1.8, 1.36, 1.09, to 0.76. B 1s
peak signals were not found in all these spectra as well. Thus,
we attribute the dominant factor during the B,O3 pretreatment to
the incorporation of oxygen atoms in the substrate, which
influences the subsequent growth of h-BN. Figures 4(g)—(i)
show XPS spectra of Ni 2p, O 1s, N 1s and B 1s obtained from
one typical as-grown h-BN sample on Ni (111) pretreated by
B,0; for 30 min at a growth time of 30 min. The Ni to O atomic
ratio of ~1.40 after h-BN growth is slightly larger than the Ni to
O atomic ratio of the pretreated substrate before h-BN growth.
XPS signals from the substrate may be affected the coverage of
h-BN film on surface. In addition, it also infers that during the
h-BN growth, further incorporation of oxygen into Ni substrate
may be limited since hydrogen species from NH; precursor gas
and oxygen decomposed from B,O3 would react effectively to
form H,O species, which are pumped away. The N Is and B 1s
signals are detected around 190 eV and 397.5 eV, respectively,
after h-BN growth and the N to B atomic ratio is very close to 1,
suggesting the chemical stoichiometric ratio between B and N is
determined to be 1/1.

Epitaxial relationship between h-BN monolayer films and
oxygen-incorporated Ni (111) substrates was studied by h-BN
coverage dependent reflection high-energy electron diffrac-
tion (RHEED) analysis, as shown in figure 5(a). The RHEED
patterns were collected from four samples, namely, pristine
high temperature annealed Ni (111) substrate, Ni (111) after
pretreated by B,0O; for 60 min, h-BN sample of ~50% cov-
erage, and h-BN sample of 100% coverage. Only two sets of

the RHEED patterns were observed along the (0110) and
(1120) directions, respectively. The lattice spacings of pris-
tine Ni (111) calculated from the RHEED pattern are 2.43 A
from the direction (0110) and 4.31 A from the direction
(1120). The slightly dotted patterns of pristine Ni (111) in the
first column indicates the oxygen chemisorption [53, 54].
After pretreated by B,0O5 for 60 min, the Ni (111) exhibits an
expanded lattice spacings of 2.62 A and 5.25 A along the two
directions, which might be due to the incorporation of oxygen
atoms in the substrate surface. The extra strips in second
column pattern from the direction (0110) after pretreatment
suggests the formation of NiO (111) [55] after oxygen
incorporation. Then for the h-BN monolayer films with
~50% and 100% coverage, the lattice spacings are deter-
mined to be 246 A (247 A) and 4.20 A (4.20 A), respec-
tively. No differences in the coverage-dependent RHEED
patterns and lattice spacings have been observed between
h-BN and Ni (111), confirming that there was no in-plane
rotation between the h-BN and Ni (111) substrate surface,
further indicating the excellent epitaxial relationship and
surface reconstruction during oxygen incorporation and h-BN
growth process. The lattice mismatch between close-packed
surface of Ni (111) (2.49 A) and h-BN (2.50 A) measured in
our experiment was relatively very small (~0.4%). Previous
report of Raths et al used low energy electron diffraction
(LEED) analysis presenting the very small lattice mismatch
between h-BN and Ni (111) [56]. Likewise, Tonkikh et al
reported that the in-plane lattice constant of h-BN is 2.44 +
0.2 A and there is a small lattice mismatch between h-BN and
Ni (111) based on RHEED and HRTEM results [57].

3.2. Thermodynamics simulations of h-BN monolayer growth
on oxygen incorporated Ni (111)

To understand the effect of the incorporation of oxygen atoms
on the epitaxial growth of h-BN monolayers at the atomic
scale, ab initio density functional theory (DFT) calculations
using the Perdew—Burke-Ernzerhof (PBE) type generalized
gradient approximation [56, 57] and the projector augmented
wave (PAW) method in the Vienna ab initio Simulation
Package (VASP) [58, 59] were carried out. Although NHj;
and B,05 were used as N and B sources, a hot Ni substrate
was used as a catalyst for N adatoms and decomposed H, or
NH; compounds. B,O3; was thermally decomposed to B
atoms and O, in the effusion cell at high temperature.
Therefore, B and N atoms are considered as the main reactive
species on the Ni (111) substrate for the nucleation and
growth of h-BN. According to the framework of the Robinson
and Robins model regrading nucleation®, the nucleation
activation energy E, is expressed as

E, = Eys + Egite + Ean 3

where E,; is the adsorption energy, Egifr 1S the energy barrier
for diffusion on the substrate surface, and E, is the energy
barrier of attachment for capture of a surface adatom by a
supercritical nucleus. A stronger catalytic effect of Ni sub-
strate is equivalent to a lower energy barrier for the nucleation
of h-BN, namely, a smaller nucleation activation energy.
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Figure 5. (a) RHEED patterns of pristine Ni (111) substrate, Ni (111) after pretreated by B,Oj3 for 60 min, h-BN sample of ~50% coverage,
and h-BN sample of 100% coverage from left to right. Two sets of RHEED patterns along [01 10] and [1120] are shown in the two rows. (b)
Schematic showing that two sets of patterns were observed from direction [0110] and [1120]. (c) A summary table showing the theoretical

and measured lattice spacings from direction [01T0] and [1120].

Also, the nucleation density N, can be expressed as [60-62]

Eq
N; o< Nyo eXp( kT) 4)
where Ny is a pre-exceptional term, which is related to the
impinging rate of B/N atoms onto the surface and the density
of nucleation sites, k is the Boltzmann constant, and 7 is the
temperature.

At a given temperature and source flux, the increase of
adsorption, diffusion, and attachment energies can suppress
the nucleation of h-BN. Here, we investigate how the oxygen
atoms incorporated into the Ni (111) substrate change these
energies, leading to the eventual nucleation and growth of
h-BN. The absorption energies of B and N atoms on the Ni
substrate can be expressed as

Esurface (5)

where Eg /y is the energy of the isolated B and N atoms,
Eguface 15 the energy of the clean Ni surface without the
absorbents, and Ep /Nonsurface 15 the total energy of the Ni
surface with the B and N adsorbates. A lower adsorption
energy E,q indicates a more stable adsorption state. Five
different adsorption sites were calculated, namely, HCP,
TOP, FCC, Bridge, and HCP,qy; sites. Figure 6(a) shows
schematic of three Ni (111) surfaces investigated here, i.e.
pristine Ni (111) and Ni (111) with one or two embedded
substitutional oxygen atoms at the surface site in the
4 x 4 x 4 slab models. Figure 6(b) shows the DFT

Eads = EB/Non surface EB/N -

calculation results of these adsorption energies on these Ni
(111) surfaces. In the presence of substitutional O, the
adsorption energies of B and N are reduced at most of the
sites, such as at HCP, FCC, and HCP,g;, indicating the more
favorable and stable substitutional oxygen point defects in the
adsorption process [63, 64].

The effect of substitutional oxygen on the diffusion
activation energy (Egirr) of B and N atoms was calculated
using the climbing image nudged elastic band (CI-NEB)
method. Figures 6(c) and (d) show the CI-NEB diffusion
energy profiles of B and N versus adsorption sites. The dif-
fusion path of B and N atoms, as shown in figure 6(a), is from
an HCP site, through a TOP site, a FCC, and a Bridge site,
and to an adjacent HCP site. The black lines show the ener-
gies along the path on the pristine surface, the red lines are
energy profiles with one oxygen atom embedded, and the blue
lines are the energy profiles with two oxygen atoms embed-
ded. With the presence and increase of embedded oxygen
amount, the energy barriers of B and N diffusion from an
HCP site to the adjacent HCP site are increased, indicating the
adverse effect of oxygen incorporation on the diffusion pro-
cess. The increase in barrier height for diffusion of nitrogen
and boron atoms on oxygen incorporated Ni (111) surface due
to the increase of oxygen incorporation in the pristine Ni
surface leads to the adverse effect on the diffusion of the
boron and nitrogen atoms, thus explaining the slower growth
speed of the h-BN monolayers in the experiment. Similar
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Figure 6. Theoretical calculation results of adsorption and diffusion energies of B and N atoms on pristine Ni (111) without oxygen
incorporation (pristine), Ni (111) with one substitutional oxygen atom incorporation (10), and Ni (111) with two substitutional oxygen atoms
incorporation (20) on the surface. (a) Top view of three kinds of substrates, pristine, 10, and 20, with B or N atoms on top. The diffusion
path of B or N atom from an HCP site to an adjacent HCP site is also indicated. (b) DFT calculated adsorption energies of B and N on the
three substrates. Diffusion energy profiles of (c) B, and (d) N on the three substrates diffusing along the paths indicated in (a).

studies of the effect of the incorporation of carbon atoms in
Co and Ni on the growth of 2D h-BN films have been
reported elsewhere [3, 39, 41, 63, 64].

Since the attachment energy E, is related to the attach-
ment of adatom to nucleus, it shall be the same for the h-BN
growth on Ni (111) with or without oxygen incorporation.
Although absorption energies are somewhat decreased, the
diffusion barriers are increased relatively more after the
incorporation of oxygen. Thus, the overall nucleation energy
as a sum of these energies per equation (3) is increased,
leading to less nucleation density per equation (4) and slower
growth, which is in good agreement with the experimental
results shown above. It should be noted that while embedding
oxygen atoms in Ni (111) as substitutional atoms is proved
here to inhibit the growth of 2D h-BN, the incorporation of

oxygen atoms in copper has increased the growth of 2D h-BN
[46, 47]. Although no detailed DFT analysis was given to
explain their results in these reports [46, 47], we hypothesize
that the catalytic strength of copper is enhanced after oxygen
incorporation.

3.3. Structural, optical, and electrical properties of h-BN
monolayers grown on oxygen incorporated Ni (111)

Figure 7(a) shows dark-field optical microscope image of as-
grown h-BN flakes on Ni (111) substrate pretreated by B,0;
for 30 min at a growth time of 30 min. The dark triangular
regions are h-BN flakes detected by the light scattering at the
thin film edges. Figure 7(b) shows UV—-vis absorption spec-
trum obtained from an h-BN film transferred onto a sapphire
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Figure 7. Characterization results of h-BN monolayer. (a) Dark-field optical microscope image of h-BN flakes grown on Ni (111) substrate.
(b) UV visible absorption spectrum of transferred h-BN film on sapphire substrate. Inset is its Tauc plot, indicating the optical bandgap
~6 eV. (c) Typical Raman spectrum of h-BN film transferred onto the SiO, wafer. Peak 1369 cm ™' indicates the in-plane E,, vibration mode
of hexagonal B—N bonds. (d) Raman mapping of a triangular h-BN domain. (¢) AFM image scanned across the h-BN film edge, showing the
step height ~0.6 nm, indicating the existence of monolayer. (f) STM image of as-grown monolayer h-BN film on Ni (111) substrate. (g)
TEM image of the transferred h-BN film onto a copper TEM grid coated with c-flat holy carbon film. Dash lines show the triangular shape of
the transferred film. Inset is the cross-sectional HRTEM image of the folded / curled edge of the transferred film, also indicating the existence

of h-BN monolayer. (h) SAED pattern of the h-BN film.

substrate. The inset in figure 7(b) is the Tauc plot of the
absorption spectrum, showing that the optical band gap of
h-BN is ~ 6eV [65]. Figure 7(c) shows Raman spectra
obtained from an h-BN film transferred on a SiO,/Si wafer.
The high-quality h-BN film has the peak with the full width at
half maximum (FWHM) ~21.24cm ' located around
1369 cm ™!, which corresponds to the E,, vibration mode of
B-N bonds, implying the existence of monolayer. Figure 7(d)
shows the Raman mapping of a triangular single crystal h-BN
domain, with uniform E,, signal across the whole domain.

The roughness and thickness of h-BN film was measured
by atomic force microscopy (AFM) from a PMMA-assisted
transferred h-BN film on a SiO,/Si wafer as shown in
figure 7(e). The undulating line scanning profile in figure 7(e)
across the film edge from the inset is attributed to the PMMA
residues during the film transfer, but the step height of around
0.6nm can be extracted. The larger experimental value
compared to the theoretical value (~0.33 nm) is a result of
AFM cantilever tip effects including the different van der
Waals force between h-BN and SiO, surface at the tip-surface
interface. Figures S2(a)—(d) show additional AFM images of
the transferred h-BN film. The 60° zig-zag edges of h-BN are
retained after transfer shown in figures 7(e) and S2(a)—(c), and
the triangular shapes are nitrogen terminated edges due to
energetic preference [66, 67]. Larger scale 10 x 10 um?> AFM
image in figure S2(d) shows the extreme flat (RMS roughness
~1.063 nm) surface of the transferred h-BN film with the
existence of wrinkles, which may be induced during the
growth and cooling process.

Figure 7(f) shows a scanning tunneling microscopy
(STM) image of as-grown h-BN sample in figure 7(a). Posi-
tive voltage was applied to the PtIr tip; therefore, only
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nitrogen atoms were resolved. The brighter nodes in the
hexagonal network indicated by red solid circles represent
nitrogen atoms, while the dimmer nodes indicated by red
hollow circles represent boron atoms. The average N to
adjacent N atom distance was measured to be ~2.5 A, which
is very close to the theoretical value. Inset shows the fast
Fourier transform of the STM image and the six spots in a
hexagonal shape correspond to the reciprocal lattice of h-BN.
Figure S3 in supporting information shows a large-area
(10 m x 10nm) atomic resolution STM image of as-grown
monolayer h-BN on Ni (111) substrate. The RMS roughness
under this scale is ~40.55 pm. The slightly corrugated surface
is due to the epitaxial growth of h-BN on reconstructed Ni
(111) surface with nano steps and terrain. Figure 7(g) shows
plane view TEM image of one h-BN flake transferred onto a
copper TEM grid coated with holey carbon film. The inset
shows the cross-sectional HRTEM image of the folded or
curled h-BN film edge, revealing that the large h-BN domain
is monolayer. The single crystal crystallinity is confirmed by
selected area electron diffraction (SAED) pattern in
figure 7(h), where the spot-to-spot distance in reciprocal space
pattern converted to real space lattice constant matches the
theoretical value of single crystal h-BN.

Figure 8 shows the electrical characterization results from
the fabricated metal-insulator-metal (MIM) devices on an as-
grown continuous single-crystal h-BN monolayer film pre-
treated by B,0; for 30 min at a growth time of 90 min.
Figure 8(a) shows a bright-field optical microscope image of
the fabricated devices with different electrode sizes, 50 x 50,
100 x 100, 150 x 150, 200 x 200, and 250 x 250 um?,
respectively. Inset is the schematic of the structure of the Al/
monolayer h-BN/Ni devices, where Al is the top electrode,
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Figure 8. Characterization results of fabricated h-BN monolayer MIM devices. (a) Optical microscope image of the MIM devices with
different sizes, 50 x 50, 100 x 100, 150 x 150, 200 x 200, and 250 x 250 umz. Inset shows a schematic of an Al/h-BN/Ni device
structure. (b) Band diagram of the MIM structure at thermal equilibrium. (c) Forward and reverse breakdown voltages of MIM devices with
different device sizes. (d) Multiple forward I~V characteristics of Ni/h-BN/Al with device size of 250 x 250 ym?. (¢) Multiple reverse I-V
characteristics of Al/h-BN/Ni with device size of 250 x 250 ym?. (f) Cumulative probability distribution of breakdown voltages. (g)
Temperature-dependent forward breakdown of 100 x 100 zm? Ni/h-BN/Al devices, from room temperature to 200 °C. (h) C-V
characteristics at 100 kHz of Ni/h-BN/Al devices with size of 50 x 50, 100 x 100, 150 x 150, 200 x 200, and 250 x 250 pm?. (i) Specific

capacitance of capacitors of different sizes.

and the bottom Ni electrode is the Ni (111) substrate. The top
square-shaped metal contact was fabricated by photo-
lithography and e-beam evaporation, where 100 nm thick Al
layer was deposited. Figure 8(b) shows the schematic of
energy band diagram of the Al/h-BN/Ni structure at thermal
equilibrium, where ¢, and ¢, are the barrier heights of Ni/h-
BN and Al/h-BN junctions, where ¢,(~ 5.1eV) is around
0.9 eV larger than ¢, (~ 4.2eV) in theory [68, 69]. The work
function difference between Ni and Al results in a built-in
potential across the monolayer h-BN layer. Here, forward bias
is designated as positive voltage being applied on the top Al
electrode, and reverse bias is vice versa. Figure 8(c) shows the
forward and reverse breakdown voltages of the devices with
different sizes. As seen from the figure, forward breakdown
voltage is about 0.96V smaller than reverse breakdown
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voltage. In addition, both forward and reverse breakdown
voltages of different sizes are very similar, respectively,
implying that electrical breakdown behavior is independent of
the electrode area. Figure 8(d) shows multiple forward I-V
characteristics in the 250 x 250 um? devices with a com-
pliance current of 100 mA. Figure 8(e) shows multiple reverse
I-V characteristics in the 250 x 250 ym? devices with a
compliance current of 100 mA. Direct tunneling character-
istics with breakdown are evident in both cases. The cumu-
lative probability distribution of forward and reverse
breakdown voltages in figures 8(d) and (e) are summarized in
figure 8(f). By setting the probability to 0.63 according to
the Weibull distribution [16, 70, 71], the estimated forward
and reverse breakdown voltages are 0.74V and 1.70V,
respectively. The difference of the absolute values
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Vieverse — Viorward = 0.96V) is attributed to the built-in volt-
age at equilibrium across the h-BN, which is in good agree-
ment with the theoretical values. High breakdown electric
field is calculated to be ~11.2MVcm™' based on 0.74 V
breakdown voltage and atomic distance between two metal
electrodes separated by h-BN monolayer [5]. Figure 8(g)
shows the temperature-dependent forward breakdown char-
acteristics in the 100 x 100 ym? devices with a compliance
current of 100 mA from room temperature (25 °C) to 200 °C.
The distribution of voltages is very uniform with the increase
of the temperatures, indicating that the electrical breakdown is
independent of temperature.

Figure 8(h) shows capacitance—voltage (C-V) char-
acteristics of the MIM nanocapacitors at 100 kHz with dif-
ferent sizes of 50 x 50, 100 x 100, 150 x 150, 200 x 200,
and 250 x 250 pm?, respectively. The specific capacitance of
these capacitors of different sizes are summarized in
figure 8(i) with great distribution consistency. The smaller
measured average specific capacitance of 0.008 pFum~2 than
theoretical geometric capacitance of 0.087 pFum™2 is attrib-
uted to series capacitances from geometric capacitance (Cy)
and vacuum capacitance (Cy), which is due to extra geometric
distance between two electrodes from van der Waals inter-
action of the interface between the h-BN and metal electrodes
[72], and vacuum layer from surface corrugation and recon-
struction [5, 73-77], respectively.

4. Conclusions

The role of embedding oxygen atoms in the transition Ni
(111) substrates on the growth of h-BN monolayers has been
studied. By treating the Ni (111) substrate with the exposure
to B,O3 at a temperature of 870 °C, the adverse effect of
oxygen atoms incorporation into Ni (111) substrates on the
growth of h-BN monolayers were found, and the more
incorporation of oxygen atoms in the substrates, the greater
inhibition of the epitaxial growth of h-BN on the Ni (111)
surface. DFT and CI-NEB calculations reveal that the diffu-
sion of B and N atoms on Ni (111) are suppressed by
embedded substitutional oxygen atoms. Large-area epitaxial
single-crystal h-BN monolayer films were obtained. MIM
devices based on the as-grown h-BN monolayer film were
fabricated, and the electrical breakdown and nano-capacitance
were studied, which demonstrate the high quality of the MBE
grown single-layer h-BN films. Our work provides a better
understanding of the great influence of heterogeneous cata-
lysis through transition metal substrate engineering or mod-
ification on the reliable synthesis of high-quality, large-area,
single crystal monolayer h-BN films for various applications.
A similar strategy can also be adopted for the synthesis of
other 2D crystalline materials.
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