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ABSTRACT: Hexagonal boron nitride (h-BN) is an important material for the
development of new 2D heterostructures. To enable this development, the relationship
between crystal growth and the substrate orientation must be explored and understood.
In this study, we simultaneously grew h-BN on different orientations of Cu substrates to
establish the impact of substrate structure on the growth habit of thin h-BN layers. The
substrates studied were a polycrystalline Cu foil, Cu(100), Cu(110), and Cu(111).
Fourier transform grazing-incidence infrared reflection absorption spectroscopy (FT-
IRRAS) was used to identify h-BN on copper substrates. X-ray photoelectron
spectroscopy (XPS) was used to determine the effective thickness of the h-BN.

Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) were

used to measure the morphology of the films and postgrowth crystal structure of the Cu substrates, respectively. Combining the
SEM and EBSD images allowed for the correlation between h-BN film coverage and the crystal structure of Cu. It was found that
the growth rate was inversely proportional to the surface free energy of the Cu surface, with Cu(111) having the most h-BN
surface coverage. The Cu foil predominately crystallized with a (100) surface orientation, and likewise had a film coverage very

close to the Cu(100).
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B INTRODUCTION

Growth of two-dimensional materials on polycrystalline Cu foil
is a potential route toward commercialization of cost-effective
next-generation devices. This approach was first used to grow
graphene by chemical vapor deposition (CVD) on Cu foil
substrates." To optimize the growth process, a detailed
understanding of the interaction between the two-dimensional
material and underlying substrate is necessary. In the case of the
heavily studied 2D material graphene, it has been shown that
the surface termination of the Cu foil, which typically is (100)
oriented due to plastic deformation caused by the cold rolling
manufacturing process as well as recrystallization during
growth, influences the growth morphology and defect density
of the resulting film.>~* Studies of graphene on Cu(100) single-
crystal substrates have shown that the surface termination
impacts the rotational orientation of the films, leading to grain
boundaries between rotationally misaligned domains.>® Various
methods have been developed to optimize graphene growth on
Cu foils, including the use of Cu-enclosures,” oxygen
predosing,® or switching to other substrate orientations,
such as Cu(111)."°7'? These efforts have shown reduction in
grain boundaries and rotational misalignment of graphene
domains on Cu surfaces.””**

In the case of hexagonal boron nitride (h-BN), similar
progress in understanding the impact of the substrate on
growth behavior has not yet been fully achieved. One reason for
this is the difficulty associated with performing h-BN growth in
an UHV environment, where in situ measurement techniques
can be used. In one study, Kim et al. grew h-BN on Cu foil by
sublimation of boron-containing precursors and studied the
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resulting films with a variety of ex situ techniques.”’ In their
study, the growth of single-layer h-BN was achieved, and the
crystal structure of the film was measured using selective area
electron diffraction in a transmission electron microscope.
These measurements showed that the h-BN films were
polycrystalline, with several different rotational orientations
within a relatively small (4 ym?) area. In their study, the crystal
structure of the underlying Cu foil was unclear.

In situ scanning tunneling microscopy (STM) of h-BN
growth on a Cu(111) single-crystal substrate using a borazine
precursor showed that h-BN grew with a variety of different
rotational orientations regardless of the growth temperature.'*
For the largest-domain growth, performed at 1120 K, 13
different rotational orientations were reported, indicating a
polycrystalline h-BN film. Contrasting this work, Liu et al.
published a study in which single-rotational-orientation h-BN
was grown on cold-rolled Cu foils, which are well-known to
recrystallize with a (100) surface termination.”> Using an
atmospheric pressure growth chamber and thermal decom-
position of ammonia borane as the growth precursor, y-LEED
observations showed that all of the h-BN crystallites were well-
aligned to the underlying Cu(100) substrate. A study on the
growth of h-BN on different orientations of Ni showed high
growth rates on the (110) surfaces and very little growth on the
(111) surfaces, indicating increased growth on the surface with
the highest surface free energy.'® The different results found in
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each of these studies suggest a material system that is not yet
fully understood.

In this work, h-BN films were grown simultaneously on
polycrystalline Cu foil, Cu(111), Cu(100) and Cu(110)
substrates in order to establish whether growth rates or
overlayer morphology are significantly impacted by the crystal
structure of the differently oriented Cu surfaces. Because Cu
has a face-centered cubic crystal structure, the surface
energetics can be approximated by calculating the number of
missing bonds per unit area for each termination.'” This
analysis reveals that the {111} surface has the lowest surface
free energy, with the {100} and {110} 15% and 22% higher,
respectively.” Molecular dynamics were performed on Cu
nanoparticles by Jia et al, which also found that Cu(111) has
the lowest surface free energy, followed by Cu(100) and then
Cu(110)."® The surface free energy is expected to impact the
catalytic activity of the growth surface, since atoms at a higher
energy surface are expected to more readily react with the
growth species. Additionally, the surface symmetry of the
different crystal terminations is different, as can be seen in
Table 1.

Table 1. Symmetry and Lattice Constants for Cu(111),
Cu(100), Cu(110) and h-BN

symmetry surface lattice constant (A)
Cu(111) hexagonal a, = 2.55
Cu(100) square ag =255
Cu(110) rectangular a, = 2.55 by = 3.61
h-BN hexagonal a, = 2.49

B EXPERIMENTAL PROCEDURES

Hexagonal boron nitride was grown simultaneously on Cu(111),
Cu(100), Cu(110) and polycrystalline Cu foil substrates in a vertically
oriented tube furnace. Comg)lete details of the growth system have
been previously published." Polycrystalline Cu foil was purchased
from Alfa Aesar (99.999%, 25 um thick) and was plastically deformed
by pressing between two hardened steel discs in a hydraulic press prior
to growth. The pressing process resulted in plastic deformation of the
Cu foil and has been found to increase the average grain size of the Cu
foil following growth."” Single-crystal Cu substrates were purchased
from MTI Corporation (99.9999%, 10 X 10 X 0.5 mm). All of the
samples were placed inside a pyrolytic boron nitride crucible, which
was mounted on a tungsten holder in the center of the furnace.

The growth conditions used for these experiments have been
previously found to result in growth of separate h-BN crystallites on
similarly prepared Cu foils.'® The substrates were initially heated to a
growth temperature of 930 °C in 20 sccm of hydrogen and 180 sccm
of nitrogen. They were annealed at that temperature for 4 h. These
anneal and growth temperatures (930 °C) were chosen because at
higher temperatures the single-crystal copper samples underwent
severe recrystallization. However, defects introduced to the surface by
slicing and polishing of the single-crystal wafers may serve as
nucleation sites for recrystallization even at these temperatures. The
precursor, solid ammonia borane (BoroScience International, Inc.,
99.9% pure), was sublimated at 70 °C in 840 sccm of nitrogen and 20
sccm of hydrogen, and then introduced to the growth furnace. The
decomposition of ammonia borane resulted in the simultaneous
release of several gaseous precursors for h-BN growth.*® Following the
15 min growth period, the precursor was isolated from the growth
furnace, and the samples were cooled in a mixture of flowing nitrogen
and hydrogen.

Once the samples were cooled to room temperature, they were
removed and measured by Fourier transform grazing-incidence
infrared reflection absorption spectroscopy (FT-IRRAS) to verify the

growth of h-BN on the copper substrates.'® FT-IRRAS spectra were
recorded using a Thermo Scientific Nicolet 8700 spectrometer
combined with a Harrick Scientific Products “Focus” grazing-angle
reflection accessory. The angle of incidence was 75° and all spectra
were recorded in p-polarization. Afterward, the samples were
characterized with X-ray photoelectron spectroscopy (XPS) in a
Thermo Scientific K-alpha. A monochromatic aluminum Ka (1.487
keV, 0.834 nm) X-ray source with a spot size of 400 ym was used. A
LEO Supra scanning electron microscopy (SEM) instrument was used
to image the surface. To examine the crystallographic orientation of
the substrates after growth, an FEI Nova 600 NanoLab SEM equipped
with an HKL Technology Nordlys electron backscatter diffraction
(EBSD) detector was used with an 8 mm working distance, 70° tilt
angle and 20 keV electron beam voltage. The EBSD patterns are
formed 10—50 nm beneath the surface of each sample; as such, it is
insensitive to the very thin layers of h-BN on the surface of the copper.
The data gathered from this technique originates from the Cu
substrate alone. Low energy electron diffraction (LEED) measure-
ments were made using a PRI reverse-view measurement system, with
an incident electron spot-size of approximately 1 mm to determine the
orientation of the h-BN relative to the Cu substrates.

B RESULTS AND DISCUSSION

Prior to growth, the single-crystal substrates were investigated
with optical microscopy and EBSD measurements, which
showed these substrates to be of a single orientation. After
growth, all samples demonstrated a single FT-IRRAS peak near
820 cm™!, which is attributed to the h-BN out-of-plane A,,
(LO) vibrational mode." After the presence of h-BN on the
samples was confirmed, XPS measurements were taken to
measure the effective thickness of the h-BN overlayer on the Cu
foil, Cu(111), Cu(100) and Cu(110) substrates. These
measurements yield an effective thickness, instead of an actual
thickness, as they represent an area-averaged thickness over the
spot size of the measurement (~400 ym). The model used to
calculate the thickness values assumes layer-by-layer growth,
where the first layer completely forms before nucleation of the
second layer. As that may not be the case for these films, the
effective thickness instead represents the amount of h-BN. The
XPS spectra can be found in Figure 1. For each of the spectra,
both the B 1s and N 1s peaks corresponding to h-BN were
observed. There was no evidence of satellite structure that
would indicate impurity incorporation in the film. In each of
the four samples, the B 1s peak was located at 190.4 eV, and the
N 1Is at 398.0 eV, which are close to greviously reported values
for B—N bonds in hexagonal BN.*** Survey spectra were also
measured for each sample (not shown) and indicated the
presence of small amounts of oxygen and carbon, which were
likely caused by sample exposure to atmospheric conditions
during exchange between the growth chamber and the XPS
system.

Calculation of the effective film thickness was performed by
comparing the intensity from the h-BN (B 1s peak) to that of
the underlying Cu (Cu 2p peak) using the following equation:

Py —d/Acos6
—Lopd,cos B(1 — e !
L aghcosof )
T la —d/Jycos
Iy Miacuizcos O(e™ /1%

C

(1)

where Iy and I, are the areas under the B 1s and Cu 2p*?

peaks, respectively.”® In the numerator, py is the density of h-
BN, My is the molecular weight of BN, oy is the B 1s
photoionization cross section,”® 4, is the effective attenuation
length (EAL) of a B 1s photoelectron in h-BN, @ is the angle
between the sample normal and the photoelectron detector and
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Figure 1. XPS spectra of h-BN on Cu(111), Cu(100), Cu(110) and
Cu foil. The binding energies correspond to (a) B 1s, (b) N 1s, (c) Cu
2p and (d) is the calculated thickness based on eq 1.

d is the effective thickness of the h-BN films. The denominator
is similar, except that 1, and 1; are the EALs of a Cu 2p>?
photoelectron in Cu and h-BN, respectively. The EALs of the
photoelectrons were calculated using the NIST EAL database.”*
Using this equation, the effective thickness of the h-BN films
for several samples of different I/, ratios was solved for
numerically.

The results of these calculations are plotted in Figure 1d.
Growth on the Cu(111) substrate resulted in largest amount of
h-BN, represented by the h-BN effective thickness of 5.9 A. The
Cu(100) and Cu foil had similar effective thicknesses h-BN, 4.8
and 5.0 A, respectively. The Cu(110) had the least amount of
growth, with 4.2 A. Assuming an AB-stacked h-BN unit cell that
is 6.6 A thick,*® layer number calculations equivocate these h-
BN thicknesses to 0.90 layers on Cu(111), 0.75 layers on Cu
foil, 0.72 layers on Cu(100) and 0.64 layers on Cu(110). This is
a similar trend to FT-IRRAS data obtained on single-crystal Cu
substrates.'” Cu(111) was found to have the largest amount of
h-BN on its surface, and also has the lowest surface energy of
the three single crystals used. Cu(110), on the other hand,
would generally be expected to have the highest catalytic
activity of the three crystals used, due to its high surface energy.
However, it has the least amount of h-BN on its surface.
Therefore, it has been found that the growth rate of h-BN for
the given growth conditions is not limited by the surface
energetics of the Cu substrates.

SEM images of the sample surface were used to further study
the h-BN crystallite growth morphology and coverage. In these
images, crystallites of h-BN appear darker than the surrounding
Cu surface, due to charging of the exposed, oxidized Cu, where
the oxidation likely occurred to exposed Cu regions during
transfer of the sample from the growth reactor to the SEM. At
higher magnification, areas with h-BN also appear to have a
rougher surface, mirroring the striated, oxide-free surface of the
Cu substrates. The charging of the exposed Cu regions likely
obscures the stepped surface beneath the oxide from the SEM
image. The SEM images of the Cu(100), Cu(111) and
Cu(110) surfaces shown in Figure 2 support the XPS findings,

Figure 2. SEM images of h-BN growth on (a) Cu(100), (b) Cu(111)
and (c) Cu(110) substrates. Dotted line shows location of Cu grain
boundary. Wrinkles, indicative of complete h-BN coverage, are only
observed in panel c.

with almost full coverage on the Cu(111) substrate and less
coverage on the Cu(100) and Cu(110) substrates. All of these
images also show grain boundaries in the substrates (dotted
line), which indicate that the single crystals underwent some
recrystallization during annealing and growth. Coverage on the
Cu(100) and Cu(111) substrates is relatively uniform, with
micrometer-scale triangular crystallites on the Cu(100)
substrate and almost full coverage on the Cu(111) substrate.
The lack of contrast in the Cu(111) image is due to the lack of
exposed Cu-surfaces, with wrinkles over the entire surface
suggesting full coverage by h-BN. These wrinkles are indicative
of h-BN films and are postulated to result from differences in
thermal expansion between Cu and h-BN."> Growth on the
Cu(110) substrate varies across the surface, ranging from fully
coalesced h-BN films to sporadic triangular crystallites. An
example of this variable coverage on the Cu(110) substrate is
illustrated in Figure 2c, where the density of crystallites is much
higher in the top left grain than the bottom right grain. This
suggests the possible recrystallization of the substrate during
annealing and growth in the case of the Cu(110) crystal. The h-
BN coverage on the Cu foil substrate (not shown) also varied,
but was generally closer to that observed in the Cu(100)
substrate with random triangular crystallites.

To understand further the effects of substrate and substrate
grain orientation on the h-BN growth, EBSD was employed.
On the Cu foil, one area that was examined showed the
intersection of three different grain orientations, each of which
exhibited different growth habits. The EBSD data for this area is
plotted on top of the SEM image in Figure 3, with a model of
the crystal orientation shown in the prevailing colors. The color
legend for the Euler angles, which is the same for all EBSD
maps in this paper, is shown next to the map. Above the legend
is the inverse pole figure for the data, which is also color coded.
Some malleability in the substrates led to surfaces with a slight
curvature, which accounts for a shift in the crystallographic
results. As such, the inverse pole figure can be used to
determine the general crystallographic habit, but not the exact
crystal indices. As most of the measurements do not extrapolate
to the exact (100), (110) or (111) plane, due to slight curvature
in the substrates or other defects, nomenclature in this paper
will use a “(100) orientation” to mean planes close to the {100}
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Figure 3. EBSD map imposed over SEM image of the Cu foil substrate
with a model of the crystal orientation shown for each grain. Right side
shows the inverse pole figure from the EBSD map. Bottom right shows
color legend for Euler angles. Black line signifies grain misorientation
of over 10°.

family of planes, and similar notation for (111) and (110)
orientations. In the EBSD map, the lower area, displayed as
purple, is (100) oriented, and shows h-BN crystallite growth.
The green/pink area on the right is (111) oriented and has full
coverage of h-BN, and the brown area on the left is tilted
between (100) and (110) orientation and shows almost full
coverage of h-BN. This figure illustrates the range of
orientations and growth habits observed on the substrates. As
reported elsewhere, although exhibiting grains of all types, the
cold-rolled Cu foil showed a preponderance of (100)
orientation,”> with (111) orientation the next most prevalent
orientation. The mainly (100) orientation of the Cu foil also
explains the h-BN thickness correlation between the Cu foil
and Cu(100) substrates from XPS calculations (Figure 1d),
with similar overall growth seen on similar crystal faces.

For the single-crystal Cu substrates, the simplest case was
that of the Cu(100) substrate. As shown in the EBSD map
imposed over the SEM image (Figure 4), the orientation of this
substrate remained (100) oriented following the growth. The
inverse pole figure on the right shows that the surface is highly
oriented. The h-BN on this substrate consisted of partial
coverage of triangular crystallites.

100

111

101

Figure 4. EBSD map of the Cu(100) substrate with a model of the
crystal orientation shown on the top right. Bottom right shows the
inverse pole figure from the EBSD map. Black lines indicate grain
misorientation of more than 2°.

The Cu(111) substrate also underwent little recrystallization,
as the (111) orientation was found in almost every region
imaged, and the substrate is fully covered by h-BN. An
illustration of this is shown in Figure S, which is representative

100

200pm

Figure S. EBSD map of the Cu(111) substrate. Inverse pole figure and
model of crystal orientation are shown to the right. This image is
representative of most of the surface. Bold black lines denote grain
boundaries with more than 10 degrees of misorientation, thin black
lines denote those with between 2 and 10° of misorientation.

of the majority of the surface. However, a Cu(100) grain was
observed (Figure 6) in one EBSD map. In contrast to the
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Figure 6. Middle image shows EBSD map of an area of the Cu(111)
substrate with an inclusion of a (100) oriented grain. Left side shows
the inverse pole figure from the EBSD map along with models of the
crystal orientations in the green and navy regions. SEM images on the
right show the difference in morphology between the (100) oriented
grain and the rest of the (111) oriented surface. Black lines denote
grain boundaries with more than 10° of misorientation.

Cu(100) oriented grains on the Cu foil or Cu(100) substrate,
the Cu(100) oriented grain observed within the Cu(111)
substrate exhibited the same full coverage growth behavior as
the rest of the substrate, not triangular crystallites. SEM images
of the two grains on the Cu(111) substrate in the insets of
Figure 6 show a difference in morphology, with a cleaner
surface on the (111) oriented grains and more small dots on
the (100) oriented grain. From these images, it can be reasoned
that the complete coverage on both grains is allowed due to the
high density of dots which appear to act as nucleation sites on
this Cu(100) oriented grain. This large density of nucleation
sites was not observed on the Cu(100) substrate, Cu foil, or
elsewhere on the Cu(111) substrate, where the nucleation site
density was uniform. An alternative view is that the high growth
rate on the Cu(111) surfaces allowed for overgrowth on the
Cu(100) oriented grain.

For the Cu(110) substrate, the story is more complicated. As
illustrated by the SEM image (Figure 2c), the varied h-BN
coverage from grain to grain indicates that the substrate
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underwent significant recrystallization. This recrystallization to
(111) or (100) is understood to occur due to the lowering of
surface energy that is enabled when growth is performed at
temperatures above copper recrystallization temperatures.”®
Defects introduced to the surface by slicing and polishing of the
single-crystal wafers may serve as additional nucleation sites for
recrystallization. A large-scale EBSD map of this substrate is
shown in the center of Figure 7. It can be observed from the

Figure 7. EBSD map of the Cu(110) surface in center. Left shows
SEM images of the (100) and (111) oriented grains with models of
those crystal orientations. Right shows color coordinated inverse pole
figure from the EBSD map.

inverse pole figure (right side) that for this area most grains
show orientations closer to the (111) or (100) orientations
than the (110) orientation. The difference between the pink
and green (111) oriented grains arises from in-plane
orientation. In the SEM images of the (111) and (100)
oriented grains (left side), the lighter, lined areas indicate h-BN
growth, whereas the dark regions indicate a h-BN-free Cu
surface. These two images combined with the EBSD map show
that there is still more coverage of h-BN on the (111) oriented
areas than on the (100) oriented ones, as was observed in the
Cu foil. In other regions (not shown), the grains show
orientations between the (110) and (100) orientations. These
results show that growth conditions had the most drastic
recrystallization effect on the Cu(110) substrate, which can be
expected from the high surface energy of this orientation.

In addition to EBSD, LEED was attempted on the h-BN
films to determine the rotational orientation of the h-BN with
respect to the underlying substrate. The samples were loaded in
the UHV system equipped with LEED, where they underwent
an in situ anneal at approximately 600 °C to desorb the oxide
that formed in air. Although sharp spots were seen in the LEED
image, the location of (0,0) and (1,0) Cu spots could not be
determined. The inability to measure LEED patterns was most
likely due to the faceting that the Cu single-crystal substrates
underwent during the growth. Additionally, and as discussed
above, the Cu(110) single crystal underwent significant
recrystallization during the growth process and was essentially
polycrystalline on the surface following growth (Figure 7).
Measurement of LEED patterns is extremely difficult on
polycrystalline samples due to the different surface symmetries
present within the measurement area.

From these results, it can be concluded that the close lattice
match between the Cu(111) and h-BN facilitate the growth of
h-BN films, regardless of the low surface energy, as growth on
these faces resulted in the thickest and most coalesced films via
XPS measurements and SEM observations, respectively.
Although growth on the (100) and (110) orientations still

occurs, it does so at a slower rate than on the Cu(111) surfaces.
Cu(110), on the other hand, would generally be expected to
have the highest catalytic activity of the three crystals used, due
to its high surface energy. However, it has the least amount of
h-BN on its surface. Therefore, it has been found that the
growth rate of h-BN for the given growth conditions is not
limited by the surface energetics of the Cu substrates, unlike the
growth of h-BN on Ni reported by Lee et al.'® These
conclusions are consistent with theoretical results for h-BN
monolayers on the (111) surfaces of a range of fcc metals,
which show that the strain energy in the BN layer increases
with the degree of lattice mismatch between h-BN and the
substrate.”” This variation of thickness with Cu crystal
orientation are also consistent with FT-IRRAS studies."

B SUMMARY

In conclusion, the growth habits of h-BN on Cu foil and single-
crystal oriented Cu substrates were studied via XPS, SEM and
EBSD. XPS determined the average growth of h-BN was
thickest on the Cu(111) substrate. By combining these XPS
results with EBSD and SEM images of growth on the different
crystal orientations, it was shown that h-BN growth is most
rapid on the Cu(111) surfaces and slower on the two other
orientations studied, with Cu(110) being the slowest growth
surface. These conclusions show that the growth rate of h-BN is
inversely proportional to the Cu surface energy.
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