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Abstract

We carried out a systematic study of hexagonal boron nitride/graphene (h-BN/G)
heterostructure growth by introducing high incorporation of a carbon (C) source on a heated
cobalt (Co) foil substrate followed by boron and nitrogen sources in a molecular beam epitaxy
system. With the increase of C incorporation in Co, three distinct regions of h-BN/G
heterostructures were observed from region (1) where the C saturation was not attained at the
growth temperature (900 °C) and G was grown only by precipitation during the cooling process
to form a ‘G network’ underneath the h-BN film; to region (2) where the Co substrate was just
saturated by C atoms at the growth temperature and a part of G growth occurs isothermally to
form G islands and another part by precipitation, resulting in a non-uniform h-BN /G film; and to
region (3) where a continuous layered G structure was formed at the growth temperature and
precipitated C atoms added additional G layers to the system, leading to a uniform h-BN/G film.
It is also found that in all three h-BN/G heterostructure growth regions, a 3 h h-BN growth at
900 °C led to h-BN film with a thickness of 1-2 nm, regardless of the underneath G layers’
thickness or morphology. Growth time and growth temperature effects have been also studied.

Supplementary material for this article is available online

Keywords: hexagonal boron nitride, graphene, heterostructure, molecular beam epitaxy, cobalt
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Introduction have made h-BN an ideal candidate for all electronic devices

where nanoscale supporting, insulating, capping, or gating

As a two-dimensional (2D) material, hexagonal boron nitride
(h-BN) possesses excellent properties including a high band
gap energy (~5.9eV), extremely flat surface (root mean
square roughness <0.2nm) and free of dangling bond or
surface charge trap, excellent dielectric properties (¢ ~ 3—4
and Vireakdown =~ 12MV em ™) and high chemical resistivity
[1-5]. In addition, its complementary electronic properties
and similar hexagonal lattice structure to graphene (G) and
other 2D systems such as transition metal dichalcogenides
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layers are needed [6-8]. In particular, hexagonal boron
nitride/graphene (h-BN/G) stacked layers have recently
attracted much attention since such heterostructure system can
be used not only to study fundamental physics of G, e.g.,
Hofstadter butterfly effect, but also to develop next-genera-
tion nanoelectronic devices with superior performances, e.g.
tunneling devices [9—15].

So far, h-BN/G heterostructures have been mostly pre-
pared by assembling G and h-BN layers exfoliated from
highly ordered pyrolytic graphite and h-BN bulk crystals,
respectively [16, 17]. Although these high-quality structures

© 2017 IOP Publishing Ltd  Printed in the UK
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made by mechanical exfoliation are the best to showcase the
material characteristic and/or device performance, all epi-
taxial vertical heterostructures with controllable thickness,
size and well-defined orientation are indispensable toward
practical applications. On this matter, both chemical vapor
deposition (CVD) and molecular beam epitaxy (MBE) have
been used widely for the growth of h-BN/G heterostructures
on different substrates, especially, transition metals [18-28].
For example, Liu et al demonstrated the CVD growth of
h-BN/G stacks on Cu foil via a two-step process [18]. Gao
et al also reported the CVD growth of vertically stacked
h-BN/G heterostructures on Cu foil using temperature-
triggered (>900 °C) chemical switching approach [19].

Among all transition metal substrates, Co benefits from
having a high melting point temperature (1495 °C in 1 atm)
which minimizes the amount of substrate evaporation during
annealing step and high-temperature growth process. This is
very crucial when a thin transition metal (foil or thin film) is
used as a substrate, in particular, when a long growth duration
is required for the 2D material growth, as this is often the case
for h-BN and h-BN/G heterostructures. Also, metal sub-
strates with a higher carbon (C) solubility such as Co (~1.5%
at 900 °C) allow one to work with a wide range of C con-
centration and within a wide range of growth temperatures.
For instance, in our group, we grew h-BN/G heterostructures
with few-layer h-BN flakes and single-layer G with less than
1° miss-match angle [27] as well as continuous large-area
few-layer h-BN and thick graphitic structure [28] based on Co
substrates with different substrate surface conditions, growth
temperature, growth time, and other growth parameters. A
summary of recent advances on the growth of vertical h-BN/
G heterostructures is provided in table S1 is available online
at stacks.iop.org/NANO/29/035602 /mmedia (supporting
information).

Because many parameters such as source, substrate,
growth pressure, growth temperature and substrate cooling
rate play roles in the growth of these h-BN/G hetero-
structures, two major growth mechanisms, namely, pre-
cipitation growth and direct layer-by-layer epitaxy, have been
observed. Nevertheless, to date, it is still challenging to pre-
cisely and reliably control the thickness, morphology and
quality of h-BN and G layers, and their alignment across the
wafer scale due to the complicated growth processes. In
addition, either h-BN/G growth mechanism on the transition
metal substrates or the effect of individual G or h-BN layers
on each other’s growth, morphology and thickness remains
unclear. Therefore, to further elucidate the growth conditions
for precise control of different types of h-BN/G hetero-
structures, in this paper, we systematically study the effect of
high C incorporations in Co on the growth mode/morphology
of the epitaxial h-BN/G heterostructures. Three different
growth regions of h-BN/G heterostructures are identified
based on the concentration of dissolved C atoms in Co and G
growth mode. Moreover, the epitaxial relationship between
the top h-BN film and bottom G layers in h-BN/G hetero-
structures is clarified.

Experimental details

Commercial Co foil (Alfa Aesar, 0.1 mm thick, 99.95%
purity) was used as the substrate. As-received Co foils were
polished by an SBT 920 Lapping and Polishing workstation.
Then, Co foils were cut into 1 cm X 1 cm pieces, degreased
with acetone and IPA, etched by diluted HCI solution (10%)
for 2 min to remove the native oxides, and rinsed with deio-
nized water. After blown-dry using a nitrogen gun, the fresh
substrates were immediately loaded onto substrate holders
and transferred to the growth chamber.

A plasma-assisted MBE (Perkin-Elmer) system was used
for the sample growth. A Knudsen effusion cell filled with
B,0O3 powder (Alfa Aesar, 99.999% purity) was used as
boron (B) source. Nitrogen plasma (Airgas, 99.9999% purity)
generated by an electron cyclotron resonance (ECR) system
and high-purity ammonia (American Gas Group, 99.9995%
purity) were used as nitrogen (N) sources. Acetylene gas
(C,H,, Airgas, 99.999% purity) was used as C source. The
substrates were heated to 800 °C-950 °C and annealed at the
growth temperature under a 10sccm (standard cubic cen-
timeters per minute) flow of hydrogen gas for 15 min. Then,
at the same substrate temperature, 3 sccm acetylene gas was
introduced into the chamber for a duration of 5 s ~ 3 min for
different samples, and immediately after that, h-BN growth
was started. During the growth, B cell temperature was
maintained at 1150 °C; a mixture of nitrogen source consist-
ing of N, gas flowed at 10 sccm through an ECR plasma
generator and NHj gas leaked at a flow rate of 5 sccm through
a needle valve was introduced into the chamber. The ECR
current was set at 60 mA. The growth lasted from 15 min to
3 h for different samples. The substrate heating/cooling rate
was ~10 °C min~" for all samples. A schematic of the typical
growth process is provided in figure S1 (supporting
information).

Raman characterizations were performed using a HOR-
IBA LabRam system equipped with a 60 mW, 532 nm green
laser. Scanning electron microscopy (SEM) images were
acquired using an FEI NNS450 SEM system in secondary
electron mode. X-ray photoelectron spectroscopy (XPS)
characterization was conducted using a Kratos AXIS ULTRA
XPS system equipped with an Al Ko monochromatic x-ray
source and a 165 mm mean radius electron energy hemi-
spherical analyzer. The depth-profile XPS characterization
was performed on a 3 x 3 mm? area of the sample using a
2keV Ar ion beam sputter with an etching rate of
I nmmin~'. Atomic force microscopy (AFM) images were
obtained using a Veeco D5000 AFM system in tapping mode.
TEM images and selected area electron diffraction (SAED)
patterns were acquired using a FEI Tecnail2 system. TEM
sample was prepared by picking a transferred h-BN/G film
using a 200 mesh Cu grid covered with Quantifoil carbon film
with orthogonal arrays of 1.2 um diameter holes. The details
about the transferring process can be found in supporting
information.

Co(contact) /h-BN/G/Co(foil)  two-terminal  devices
were fabricated by a standard photolithography and lift-off
process. A Co layer of 50 nm was patterned as top square
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Figure 1. Growth regions of h-BN/G heterostructures on Co substrate. (a) Schematic of three h-BN/G growth regions with different C
treatment time and same h-BN growth conditions (3 h at 900 °C). (b)—(d) OM images, (e)—(g) graphene G peak intensity mapping, and (h)—()
SEM images of the samples with 30 s, 1.5 min, and 3 min C treatment time, which are representative samples in regions 1, 2, and 3,

respectively.

contacts with an edge length of 25 yum on the surface of as-
grown h-BN/G film. Current-voltage (I-V) characteristics
were obtained by an Agilent 4155 C semiconductor parameter
analyzer equipped with probing tips having a diameter of
5 pm (Signatone, SE-TL).

Results and discussion

Figure 1 summarizes the growth of the h-BN/G hetero-
structure system on the Co foil substrate when the C treatment
time changes and h-BN growth conditions are the same (3 h at
900 °C). Note that C starts to dissolve in Co at around 600 °C
(Toac) and the solubility increases up to ~1.5% at 900 °C
[29], ie. a designated growth temperature (Tgrowem) in the
schematic (figure 1(a)). The temperature-dependent growth of
h-BN/G heterostructures indicated that the substrate temp-
erature is an important growth parameter to influence the
morphology and coverage of h-BN. With the same other
growth conditions, a growth temperature window, which
covers 900 °C, was identified for the formation of continuous
high-quality h-BN films in the heterostructures as shown in
figure S2 (supporting information). Thermodynamically, G
growth on Co can start at a temperature of around or above
700 °C (Tg) [30, 31]. The black hatching areas in figure 1(a)
show the C concentration in Co substrate at different growth
regions (i.e., 1, 2, and 3), and the black horizontal dashed
lines display the C solubility levels in Co substrate at desig-
nated temperatures (i.e., Togc, T and Tgrowm). The growth
regions in figure 1(a) are identified based on the C treatment
time, and subsequently, G growth mode/morphology in the
h-BN/G samples. Samples with 30s, 1.5 min, and 3 min C
treatment time are selected as representative samples for

regions 1, 2, and 3, respectively, and their optical microscopy
(OM), graphene G peak Raman intensity mapping, and SEM
images are shown in figures 1(b)-(j).

Region 1 is where C solubility or saturation of Co is not
reached at the growth temperature of 900 °C, hence, G is
formed only by precipitation during substrate cooling process,
leading to a ‘G network’ underneath the h-BN film. The dark
regions in the OM image of figure 1(b) for a 30 s C sample
and corresponding Raman intensity mapping of graphene G
peak in figure 1(e) display the nature of the G network.
Because of this specific morphology, G does not cover a big
portion of the Co substrate surface in region 1 samples. This
is related to the local accumulation of precipitated C atoms
around edge areas of the h-BN flakes (i.e., grain boundaries)
which is discussed in detail later. This morphology was
observed when the C treatment time changed between 5
and 45s.

Region 2 is where the Co substrate is just saturated by C
atoms at the growth temperature and, therefore, a part of G
growth now occurs isothermally via C saturation-precipitation
mechanism [32-34]. Similar to region 1, another part of G
growth in this region occurs later by precipitation when
reducing the substrate temperature. Since in region 2 the
isothermal G growth is limited only to the formation of a few
G flakes/islands, a non-uniform G growth underneath h-BN
film is obtained, as seen in the OM image of figure 1(c) for
1.5 min C treatment time sample and corresponding Raman
intensity mapping of graphene G peak in figure 1(f). Despite
the non-uniform morphology in region 2 samples, based on
the Raman mapping results in figure 1(f), the G almost fully
covers the Co surface. This was further verified by G refer-
ence sample where 1.5min C treatment time was used to
grow only G at 900 °C, as shown in figure S3 (supporting



Nanotechnology 29 (2018) 035602

A Khanaki et al

information). This morphology was observed when the C
treatment time changed between 45 s and 2 min.

Further introduction of C at the growth temperature with
the C treatment time exceeding 2 min leads the growth mode
into region 3. In this region, isothermally grown G has
already covered the entire substrate surface at the growth
temperature, and after the formation of continuous h-BN on
the isothermally grown continuous G layer, additional G
layers are formed under the structure during the cooling
process, resulting in a uniform heterostructure consisting of
thick G and thin h-BN (figures 1(d), (g), (j)) of the sample
with 3 min C treatment time). Figure S4 (supporting infor-
mation) shows OM image, graphene G peak Raman intensity
mapping and typical Raman spectrum of the G reference
sample with 3 min C treatment time. A 2D/G intensity ratio
of ~0.35 was calculated and no graphene D peak was
observed in the spectrum (figure S4(d)), suggesting the high-
quality growth of thick G layers. Figure S5 (supporting
information) shows additional OM images of the h-BN/G
samples to further illustrate the evolution of the G morph-
ology in these three regions. Finally, in all three regions,
h-BN is solely deposited at the growth temperature (a con-
dition we referred as isothermally grown or epitaxial), i.e., it
is not formed by precipitation mechanism during substrate
cooling period. This is because the solubility of both B and N
in Co are extremely low [35].

Figure 2 shows detailed characterization results of typical
region 1 samples. In the SEM images of h-BN/G samples
with 5-, 30- and 45s C treatment time (figures 2(a)—(c)),
distinct G network morphology appears with a darker color
compared to the surrounding area as G produces less sec-
ondary electrons compared to the Co metal substrate [36].
The width of G network changes from 5 to 10 ym for 5s C
treatment time sample, to 11-13 pgm for 30 s C treatment time
sample, and to 12-16 pm for 45 s C treatment time sample. It
seems that the width of G network increases notably from 5 to
30 s C treatment time and then remains about the same values
from 30 to 45 s treatment time, which can be an indication of
Co saturation by dissolved C atoms within 45 s of C treatment
at the growth temperature of 900 °C.

To better understand the h-BN/G network morphology,
we transferred the sample with 30s C treatment time onto
SiO,/Si  substrate and performed AFM measurement
(figure 2(d)). The measured AFM line profile reveals that the
h-BN film thickness is ~2.1 nm and h-BN/G network is
~12.4 nm, suggesting a G network thickness of ~10.3 nm.
Figures 2(e) and (f) show Raman spectra of h-BN and h-BN/
G network areas (1) and (2), respectively, marked in the AFM
image in figure 2(d). It can be clearly seen that the point (1)
only shows the h-BN E,, vibrational mode at ~1367 cm ™!
(figure 2(e)), while point 2 shows the co-existence of h-BN
and multilayer G peaks (figure 2(f)) [25-28]. Raman results
suggest that h-BN is continuous although G is not in the
region 1 samples. Figures 2(g) and (h) show Cls, and B1s and
N1s XPS spectra of a 30s C treatment sample, respectively.
Cls peak occurs at 284.6 eV indicating the existence of C sp”
bonding of G layers [37, 38]. Bls and Nls exhibit energy
positions at 190.4eV and 397.7 eV, respectively, which is

consistent with the reported values for XPS signals of h-BN
[39, 40]. By using sensitivity factors from the instrument
manufacturer and calculating the atomic % of each atom, the
B/N ratio is 1.03, suggesting an almost equal composition of
B and N elements.

Figure 2(i) shows an OM image of a C-only reference
sample. To grow this sample, the Co foil substrate was heated
up to 900 °C, treated with 30 s C exposure and then cooled to
room temperature. As it can be seen in figure 2(i), the G
morphology in the C reference sample is quite different with
G morphology of h-BN/G sample with the same amount of C
treatment time (figure 1(b)). This difference in G morphology
is believed to be caused by the top h-BN film rather than the
Co substrate because the density of the Co substrate grain
boundaries and imperfection sites in both h-BN/G and G
reference samples should be about the same and uniformly
distributed across the substrate’s surface. The fact that the G
in region 1 samples is only formed by precipitation during the
cooling process, that is after h-BN film growth, makes the G
morphology affected by the h-BN film. The G network
morphology is the outcome of preferential C atom precipita-
tion in the vicinity of h-BN grain boundaries, which have a
random distribution within the h-BN film. Figure S6 (sup-
porting information) shows characterization results of the G
reference sample in region 1 with 30s C treatment time.
Graphene G peak intensity mapping of the reference sample
(figure S6(a)) shows a more uniform distribution of less
intense G peak compared to that of h-BN/G sample with the
same G growth conditions (figure 1(e)). This suggests that
when there is no h-BN on top, precipitated C atoms tend to
form larger and thinner domains. Also, a D peak at
~1356cm ™! with a FWHM of ~34cm ™' is shown (figures
S6(b) and (c)), indicating a low-quality G growth in this
region. Thus, the h-BN growth affects the G growth (quality /
morphology /thickness) in region 1 samples since the G is
formed after h-BN growth. On the other hand, as the G
growth mode gradually changes from precipitation during
cooling process to isothermal growth at high temperatures
(i.e., regions 2 and 3), the effect of top h-BN film on the
growth and morphology of underneath G layers becomes less
evident.

Figure 3 shows characterization results of h-BN/G samples
with the same 30s C treatment time and different h-BN growth
time. It can be seen in the SEM images of figures 3(a)-(d) that
the coverage and size of the triangular h-BN flakes increases as
the increase of h-BN growth time and the whole Co substrate
surface is almost covered with h-BN as the growth time reaches
~1 h. Figure 3(e) shows h-BN lateral growth speed as a function
of growth time. The area of h-BN coverage is obtained by
Image]J software, as illustrated in figure S7 (supporting infor-
mation) and the growth speed is defined as the area of coverage
divided by the growth time. As seen from figure 3(e), the h-BN
lateral growth rate is relatively high in the short h-BN growth
period (~2.5% min~" at 15 min), and then gradually decreases
to lower values as the growth progresses (~1% min~" at 1 h).
This further justifies the continuous morphology of the h-BN
films for all samples grown for 3 h. It should be noted that the
SEM image in figure 3(a) and OM image in figure 3(f) of the
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Figure 2. Characterizations of h-BN/G samples in region 1. SEM images of the h-BN/G samples with (a) 5s, (b) 30's, and (c) 45s C
treatment time showing the G network morphology. (d) AFM image of h-BN/G sample with 30 s C treatment time transferred onto SiO,/Si
substrate. (e) and (f) Raman spectra of the points (1) and (2) of (d), respectively. XPS signals of (g) Cls, and (h) Bls and N1s for as-grown
h-BN/G sample with 30 s C treatment time. (i) OM image of the G reference sample with 30 s C time.

15 min h-BN growth sample show the accumulation of C atoms
(dark color) around triangular h-BN flakes. Figures 3(g) and (h)
show graphene G peak Raman intensity mapping of figure 3(f)
and corresponding Raman spectra from the point of the strongest
Raman signal in figure 3(g), respectively. The Raman scattering
results clearly support the findings from the microscopy studies
in figures 3(a) and (f). This behavior, i.e., C preferential pre-
cipitation along h-BN triangle edges and/or grain boundaries
during the cooling process, is also consistent with the formation
mechanism for the G network underneath the h-BN film of
h-BN/G samples in region 1 (figures 1 and 2). The graphene
2D/G intensity ratio of the as-grown sample was calculated
~0.35 (figure 3(h)) which is much lower than that of G refer-
ence sample in region 1, namely ~0.6 (figure S6(b)). This fur-
ther shows the effect of top h-BN film on the thickness of
underneath G layers in region 1 samples. A wide FWHM of

h-BN E,, peak (~65 cmfl) in figure 3(h) is due to the existence
of intrinsic graphene D peak in the sample (figure S6(c)).

Figure S8 (supporting information) shows Raman spec-
trum and Cls, Bls and N1s XPS signals of a representative
region 2 sample with a 1.5 min C treatment time, and AFM
and OM images of the same sample after the h-BN/G
structure was transferred onto a SiO,/Si substrate and its
corresponding h-BN E,, phonon mode intensity mapping.
Since the isothermal G growth in this region is limited only to
the formation of a few G flakes/islands, the final G morph-
ology in h-BN/G sample is a mixture of isothermal G growth
and precipitation during the cooling process, resulting in a
non-uniform G film. According to figure S8(f) (supporting
information), despite the non-uniform morphology of G
growth in this region, the h-BN has been formed continuously
and fully covered the sample’s surface.
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image and corresponding (g) graphene G peak Raman intensity mapping and (h) Raman spectrum of (g) at its strongest signal point. H-BN
E>; Raman peak at ~1367 cm ™' has a FWHM of ~65 cm™' and graphene 2D /G intensity ratio is ~0.35.

Figure 4 shows characterization results of typical h-BN/
G samples in region 3. Figure 4(a) shows Raman spectra of an
as-grown h-BN/G sample with 3 min C treatment time at 13
locations across the 1 cm X 1cm h-BN/G sample (indicated
in a photo image in the inset of figure 4(a)). The existence of
both multilayer G (MG or thin graphite) and h-BN Raman
peaks is evident. The 2D/G ratio of MG in this sample was
calculated ~0.18. Figure 4(b) is the zoom-in spectra of
figure 4(a) between 1200 and 1500 cm™ ', showing excellent
uniformity of h-BN E,, phonon mode’s position
(~1366.5cm™ "), intensity and full width at half maximum
(FWHM ~40cm™ ') over these 13 points of measurement
[41]. A portion of the sample was transferred onto SiO,/Si
substrate for the AFM measurement. The AFM image reveals
that the h-BN/G film has a total thickness of ~133 nm
(figure 4(c)).

To reveal the individual thickness of h-BN and MG
layers, we performed XPS sputtering depth profile measure-
ment. Figures 4(d) and (e) show the evolution of Cls, and
Bls and N1s XPS signals as a function of sputtering depth
within 4 nm of the top surface of h-BN/G sample. As seen in
figure 4(d), Cls peak is strongest when the sample was not
sputtered, which is due to the inclusion of signals from
absorbed C species on the surface or adventitious C [42].
After removing the top 0.17 nm material, the intensity of Cls
peak drops significantly compared with the signal before
sputtering and then remains about the same with further
sputtering while the width of the Cls peak increases as
the sputtering depth increases (down to ~1-2 nm) due to Ar"
beam induced damage. On the other hand, B1s and N1s XPS
signals in figure 4(e) decrease proportionally and gradually by
removing the top layers and become negligible when the
sputtering depth reaches ~2nm (i.e., h-BN thickness).
Figure 4(f) shows the calculated relative atomic concentration
for B, N, and C as a function of the sputtering depth. As the
sputtering depth increases, both N and B concentrations
decrease gradually and reach an insignificant percentage at a

sputtering depth of 1-2nm, while the C concentration gra-
dually levels up and then becomes steady as the etching depth
extends from 2 to 4 nm. Considering the AFM (figure 4(c))
and XPS depth-profile (figure 4(f)) measurement results, it
can be concluded that the h-BN/MG structure has a top h-BN
layer of 1-2 nm and a bottom MG layer of 131-132 nm. Such
a large thickness of MG is believed to be caused mainly by
precipitation of dissolved C atoms during cooling process.
Much higher substrate cooling rates could significantly reduce
the total G thickness, although thermal strained induced
wrinkles could compromise the quality of the precipitated G
and/or h-BN in those cases [43]. Alternatively, other trans-
ition metals with much less C solubilities can be used to
control the number of G layers down to a few layers [44, 45].
Owing to the fact that these C atoms precipitate underneath
the isothermally grown MG buffer, the morphological and
structural uniformity of h-BN/G samples is well preserved, as
inferred from figures 1(c) and (g). Moreover, similar h-BN
thickness in region 1 (~2.1nm) and region 3 (1-2nm)
samples indicates that the h-BN vertical growth is not affected
by the G growth mechanism, morphology or thickness
(figures 2 and 4). The seemly self-limited growth of h-BN on
G with different morphology under the present growth con-
dition is intriguing and needs further investigation. Similar
self-limited growth of h-BN on metal substrates was also
reported [46-50].

Figure 4(g) shows XRD pattern of the h-BN/G sample.
The evident peaks at 26.64° and 54.79°, and 27.1° and 54.94°
are assigned to (002) and (004) crystal plane diffractions of MG
and h-BN films according to JCPDS card numbers 41-1487 and
34-0421, respectively [51, 52]. The small peak at 51.5° is from
(002) crystal plane diffraction of hcp Co (JCPDS# 01-071-
4239) [53, 54]. Such intense XRD peaks indicate the high
quality of MG and h-BN films in the sample. It also suggests
that h-BN and MG have grown along the same orientation. To
further elucidate the growth relation between h-BN and MG, we
transferred a piece of the same sample onto a Cu grid and
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Figure 4. Characterization of h-BN/MG samples in region 3. (a) 13-points Raman spectra of the as-grown h-BN/MG sample with 3 min C
treatment time and inset shows the sample photograph. The 2D/G ratio of G in this sample is ~0.18. (b) Zoom-in Raman spectra of (a) showing
the h-BN E,, phonon mode at ~1366.5 cm ! with a uniform FWHM of ~40 cm ™" across these 13 points of measurement. (c) AFM image of
the same sample transferred onto SiO,/Si substrate with the total thickness of ~133 nm. (d) C1s and (¢) B1s and N1s as a function of sputtering
depth in the depth-profile XPS characterization and (f) relative atomic concentration of C, B, and N versus sputtering depth.

(2) XRD spectrum of the same sample. Inset is the magnified spectrum with 2theta from 54.7° to 55°. (h) UV absorption spectrum of the h-BN/
MG sample transferred onto a sapphire substrate. (i) I-V characteristic of Co(contact)/h-BN/MG/Co(foil) two-terminal device structure with
the contact size of 25 ym x 25 um. The inset displays the log-scale current versus voltage behavior of the device with 3 distinct regions.

performed TEM measurement (figure S9). Figure S9(a) shows a
bright-field top-view image of the transferred film on the TEM
grid, and figure S9(b) shows the SAED pattern obtained from
the area in figure S9(a). A single hexagonal pattern is observed;
however, the dots are slightly elongated, suggesting overlapping
hexagonal patterns of h-BN and MG films with a negligible
misalignment between each other. Figure 4(h) shows an
absorption spectrum of the sample after a portion of the h-BN/
MG film was transferred to a sapphire substrate. As can be seen
in figure 4(h), the clear absorption edge at ~202 nm originates
from the band gap of h-BN film [55]. A big portion of UV light
spectrum has been also absorbed by the thick MG film [56].
Figure 4(i) shows cross-plane [~V characteristic of a
Co(contact)/h-BN/G/Co (substrate) two-terminal device. The

bottom inset shows a schematic of the device, which was fab-
ricated using a process described in the Experimental section.
The top inset displays the log-scale current versus voltage
behavior of the device, showing 3 distinct regions: (I) current
linearly increases as the increase of voltage, which represents
direct-tunneling related conduction (V < ~0.6) [57, 58], (D)
current nonlinearly/exponentially increases with the voltage
under moderate biases (~0.6 < V < ~1.25) due to the Fowler—
Nordheim tunneling mode [59, 60], and (IIT) current sharply
increases due to the dielectric breakdown at a bias of 1.25V
[61]. The calculated breakdown electric field based on an h-BN
thickness of 1-2 nm is 6.25-12.5 MV cmfl, which is compar-
able with the observed values from other epitaxial h-BN films
[61-63].
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Conclusion

We performed a systematic study of the in situ growth of
h-BN/G films on a Co substrate by sequentially introducing a
C source with a high C incorporation, and B and N sources in
an MBE system. It is found that the continuous h-BN/G
heterostructures can be formed at a substrate temperature of
850 °C-900 °C. By changing the C amount incorporation, the
h-BN/G structure alters from region 1 where the G network is
formed only by precipitation during cooling process under-
neath the h-BN film; to region 2 where isothermal G growth
occurs to form G islands partially covering the substrate,
followed by further precipitation G growth, leading to a non-
uniform h-BN/G structure, and to region 3 where a uniform
h-BN/G heterostructure with a thin continuous h-BN and a
thick continuous MG are formed from both isothermal G
growth and precipitation. It is found that the top h-BN film
influences the morphology, thickness and quality of under-
neath G layers in h-BN/G samples of region 1. In addition,
the h-BN growth is self-limited to a 1-2 nm thick film in all
three regions, regardless of the underneath G thickness or
morphology.
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