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ABSTRACT

Atomic-layered hexagonal boron nitride (hBN) is expected to be the best two-dimensional (2D) anti-oxidation layer on metals for
its incomparable impermeability, insulativity, and stability, as well as the progressive bottom-up growth techniques to ensure fast
coating on metal surface in large area. However, its real anti-oxidation ability in practice is found to be unsatisfactory and
nonuniform, and the main obstacle to achieving ideal anti-oxidation performance lies in unclear anti-oxidation behavior at special
interface between 2D hBN and three-dimensional (3D) metals. Herein, system of monolayer hBN grown on copper (Cu) foils with
various lattice orientations was grown to investigate the anti-oxidation behavior of different interlayer configurations. By using
structural characterizations together with analysis of topography, we surprisingly found that stronger interlayer coupling led to
worse anti-oxidation performance owing to fast diffusion of O, through higher hBN corrugations generated at the commensurate
hBN/Cu(111) configuration. In view of this, we developed the approach of cyclic reannealing that can effectively flatten
corrugations and steps, and therefore improve the anti-oxidation performance to a great extent. This work provides a more in-
depth understanding of anti-oxidation behavior of 2D materials grown on 3D metals, and a practical method to pave the way for
its large-scale applications in future.
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1 Introduction monolayer on metal substrates have been developed [10-14],
showing the possibility of fast coating of high-quality hBN film on
metal in large area. With all these superiorities, hBN is highly
anticipated that can protect the metals with special structure in
practice, such as copper interconnects in chips, or the copper
cooling modules with designed structures, etc.

Coating of the protective layer is the most common way to
address the oxidation of metals nowadays [1, 2]. It is the long-term
pursuit for a material of protective layer having the optimal
impermeability, adaptability, stability, and extreme thickness to
maintain the physical properties of protected metals. The rise of T - o
two-dimensional (2D) materials has provided an opportunity that However, the real anti-oxidation ability of hBN is in
one material possesses all these properties [3-5], and therein the controversial, as the anti-oxidation mechanism of hBN grown on
hexagonal boron nitride (hBN) is considered to be the most metals is unclear [15-21]. Previously, intercalation of O, was
promising candidate due to excellent thermal conductivity [6] and ~ reported in system of hBN/Cu(100) (hBN grown on Cu(100)),
exclusive insulativity from wide bandgap near to 6 eV [7-9]. implying that diffusion of small molecules might be happened at
Recently, growth techniques of large-sized single-crystal hBN the interface between 2D hBN and three-dimensional (3D) metals
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[22]. Moreover, linear wrinkles in incommensurate
graphene/Cu(100) were proved that can facilitate the diffusion of
H,0, and commensurate graphene/Cu(111) was found to be
much flatter and therefore possess the much better anti-oxidation
performance [23], indicating that the diffusion behavior at 2D/3D
interface is correlated to interlayer configuration. Compared to
graphene, the actual anti-oxidation ability of hBN is seriously
inconsistent with the prediction by its excellent properties in
theory, hence a more in-depth understanding of the anti-
oxidation behavior of hBN grown on metals needs to be studied.

In this work, we grew the hBN domains on one piece of single-
crystal Cu(111) with equal quality but various lattice orientations,
to form the different interfacial configurations. The color contrast
and the different peak intensities of Cu,0O Raman spectra after
fixed baking test were employed to reveal the relative anti-
oxidation performance with the dependence of interfacial
configuration. An unexpected phenomenon that commensurate
hBN/Cu(111) with the strongest interfacial coupling (and also the
most energetically preferred during the epitaxial growth [24])
exhibited the worst anti-oxidation performance was clearly
observed. The analysis of topography at joint area of
commensurate and incommensurate hBN domains was carried
out, and corrugations of hBN were found to be related to the
diffusion of O, at the interface between hBN and Cu(111). In
consequence, we developed an approach of cyclic reannealing, and
proved that can effectively flatten the corrugations of hBN
domains no matter what lattice orientation, and bunched steps on
Cu surface as well, then greatly promote the anti-oxidation
performance of hBN/Cu(111) over all. Our research not only
discovered an abnormal anti-oxidation behavior caused by
corrugations, but also provided a universal method for reaching
the nearly perfect anti-oxidation performance of monolayer hBN
grown on metals.

2 Results and discussion

2.1 Anti-oxidation performance of hBN/Cu(111) with
different grain orientations

In our experiments, hBN/Cu(111) with aligned and unaligned
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orientations was baked in dry air immediately after growth to
accelerate the oxidation process and preclude the influence of
water. In-situ optical images were taken at the moments with
identical time interval and with the same parameters to estimate
the degree of oxidation through the color evolution, because the
wavelength of reflected light from oxidized hBN/Cu(111) was
correlated to the thickness of as-synthesized Cu,O (Fig.S1(a) in
the Electronic Supplementary Material (ESM)) at interface [25]. It
was natural that the oxidation of bare Cu was faster, but it was
unexpected that the anti-oxidation ability of aligned hBN domains
was apparently worse than that of unaligned hBN domains
(Figs. 1(a)-1(c)). The sharp peak of Cu(111) in X-ray diffraction
(XRD) spectrum measured after baking test indicated just very
thin layer of Cu,O synthesized on surface of Cu foil (Fig. 1(d)), so
Raman spectra measurement could be employed to reconfirm the
oxidation degree here (Fig.1(e)), for higher intensity of Cu,O
Raman peaks reflecting thicker Cu,O layer when size of beam spot
was fixed (Fig.S1(b) in the ESM) [26,27]. Moreover, the hBN
domains after baking test were also transferred onto SiO,/Si wafer
or transmission electron microscopy (TEM) grid to corroborate
the uniform monolayer and intact lattice by X-ray photoelectron
spectroscopy (XPS) (Fig. 1(f)), Raman spectroscopy (Fig. S2(a) in
the ESM), the second harmonic generation (SHG) mapping (Fig.
S2(b) in the ESM), atomic force microscopy (AFM) scan (Fig.
S2(c) in the ESM), as well as the atomically resolved scanning
transmission electron microscopy (STEM) image (inset of

Fig. 1(f)).

2.2 Characterizations of interfacial configuration of
hBN/Cu(111)

Interfacial configuration of hBN/Cu(111) was determined by the
photoemission electron microscopy (PEEM) combined with low-
energy electron diffraction (LEED). Typical area including both
aligned and unaligned hBN domains was located in PEEM image
(Fig. 2(a)), then LEED patterns were collected in corresponding
area to reveal their reciprocal lattices in detail (Figs. 2(b) and 2(c)).
As the lattices of hBN and Cu(111) are of the same symmetry and
the very close lattice constant, a set of diffraction patterns with the
same orientation collected at aligned hBN domains grown on
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Figure1 Anti-oxidation performance of hBN/Cu(111) with different grain orientations. The in-situ color evolution of hBN/Cu(111) after oxidation in the drying
oven at 220 °C for (a) 20 s, (b) 100 s, and (c) 180 s, respectively. Aligned and unaligned hBN domains are marked with blue and red dotted lines, respectively. (d) XRD
spectrum of 26 scanning of Cu(111) and (e) Raman spectra of Cu,O collected at aligned and unaligned hBN/Cu(111) after baking test. (f) XPS spectra and atomically

resolved STEM image (inset) of hBN after baking test.
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Figure2 Characterizations of interfacial configuration of hBN/Cu(111). (a) PEEM image of a typical area including both aligned and unaligned hBN domains. LEED
patterns of (b) aligned (blue dotted circles) and (c) unaligned (red dotted circles) hBN domain on Cu(111) (orange dotted circles). Schematic diagrams showing that
(d) aligned and (e) unaligned hBN lattice on Cu(111) are of the commensurate and incommensurate configuration, respectively.

Cu(111) indicated the commensurate configuration of
hBN/Cu(111) (Fig. 2(d)) [28, 29]. On the contrary, unaligned hBN
domains on Cu(l11l) had incommensurate interfacial
configuration (Fig. 2(e)).

2.3 Interfacial configuration dependent anti-oxidation
behavior of hBN/Cu(111)

Commensurate configuration was known for the strongest
interlayer coupling, which was expected to have the best anti-
oxidation performance for the least chance to form wrinkles [23,
24,30]. Hence, worse anti-oxidation performance found in
commensurate hBN/Cu(111) should not be originated from linear
wrinkles commonly seen in 2D materials. Atomic steps of Cu(111)
were observed that can bunch together and turn into the “high
steps” after growth of hBN, then provide channels to facilitate the
leakage and diffusion of oxygen at interface. We mapped the
topography of hBN/Cu(111) through AFM scanning and found
that those steps were of similar height and density in regions of
commensurate and incommensurate hBN/Cu(111) (Figs.
S3(a)-S3(c) in the ESM), indicating that the inconsistent anti-
oxidation performance did not come from bunched steps as well.
However, at step surface, the significant difference of roughness
and height distribution in commensurate and incommensurate
regions was shown from the highly resolved height map (Figs. 3(a)
and 3(b)). It was reported that the corrugations would be formed
in hBN grown on metals with face-centered cubic (FCC) (111)
facet [31-35], thereby much higher corrugations were found in
commensurate hBN/Cu(111) (schematically illustrated in
Fig. 3(c)). Considering the pre-existing space about 0.3 nm
between hBN and Cu(111) [35], which is basically the same size as
O, molecule [36], higher corrugations undoubtedly led to fast
diffusion of more O, molecules at interface, and therefore
degraded the anti-oxidation performance to the great extent
(schematically illustrated in Fig. 3(d)).

Moreover, we specially grew more incommensurate hBN
domains on same single-crystal Cu(111) with different rotation
angles (y is defined to be the rotation angle between a hBN
domain and the commensurate hBN domain), and carried out the
AFM scan right after growth (Figs. S4(a)-S4(e) in the ESM) as
well as the subsequent oxidation test in dry air (Figs. S4(f)-S4(h)
in the ESM). The intensities of Cu,O Raman peaks (lower panel in
Fig. 3(e)) and the average roughness were also collected in AFM
maps (upper panel in Fig. 3(e)) with dependence of rotation angle
were plotted (see details in the Methods Section), respectively.

Commensurate

Two curves with a similar downtrend here clearly stated that
stronger interlayer coupling (of lower y) between hBN and
Cu(111) would lead to weaker anti-oxidation performance due to
higher corrugations of hBN. It was reported that corrugations of
hBN on FCC(111) facet of metals were attributed to orbital
overlap between d states of transition metals and 7 states of hBN
[33], thus stronger binding in smaller interlayer spacing would
generate more strain to form higher corrugations of hBN after
growth, in view of significantly different coefficients of thermal
expansion in hBN and metals.

24 Improving anti-oxidation performance of hBN/
Cu(111) through cyclic reannealing

As commensurate hBN/Cu(111) is the most energetically
preferred orientation in epitaxial growth, high corrugations would
severely hinder the practical anti-oxidation applications of hBN.
To solve this problem, we have developed a method of cyclic
reannealing after growth (diagram of procedure shown in Fig.
S5(a) in the ESM) to flatten the corrugations by releasing the
strain [37,38]. A comparative experiment (see details in the
Experimental Section, and diagram of procedure in Fig. S5(b) in
the ESM) was also carried out, to prove that flattening of steps and
corrugations is related to the times of reannealing, instead of the
reannealing time in total, by comparing anti-oxidation
performances shown in Fig.4(c) and Fig.S5(c) in the ESM.
Through the repeated warming and cooling process, we found
that the bunched steps were flattened (Figs. S6(a)-S6(c) in the
ESM), height of corrugations was reduced, and discrepancy of
heightin commensurateand incommensurate region was eliminated
(Figs. 4(a) and 4(b)). Accordingly, anti-oxidation ability of
commensurate and incommensurate hBN domains were
enhanced and equalized as well (Figs. S7(a) and S7(b) in the ESM
and Fig. 4(c)). With increasing times of reannealing, intensity of
Cu,0O Raman peaks (lower panel in Fig 4(d)) and average
roughness (upper panel in Fig. 4(d)) for both commensurate and
incommensurate hBN/Cu(111) showed the similar downtrend,
confirming the anti-oxidation behavior driven by steps and
corrugations. Besides, we noticed the enhancement of anti-
oxidation performance almost reaching to the limit after 4-times
reannealing, since the curve of Raman intensity of Cu,O layer no
longer exhibited the clear downtrend at this point (lower panel in
Fig. 4(d)).

In addition, continuous hBN films with commensurate and
incommensurate domains were grown on Cu(111), and its anti-
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Figure3 Interfacial configuration dependent anti-oxidation behavior of hBN/Cu(111). (a) AFM height map at the region around grain boundary between
commensurate and incommensurate hBN/Cu(111) right after growth, of which the average roughness is 182 and 83 pm, respectively. (b) Relative height distribution
collected in the area of commensurate and incommensurate hBN/Cu(111) shown in (a). (c) Schematic illustration of the corrugations in commensurate and
incommensurate hBN domain grown on Cu(111), and y is defined to be the rotation angle between a hBN domain and the commensurate hBN domain. (d)
Schematic illustration of fast diffusion of O, in commensurate hBN/Cu(111) from side view. (e) Plots of rotation-angle-dependent average roughness (R) collected
from AFM height map (upper panel) and intensity of Cu,0O Raman peaks (lower panel). The vertical and horizontal error bars represent the standard errors in data

collection and observation errors of rotation angles (y).

oxidation ability was found to be unsatisfactory and inconsistent
(Figs. S8(a) and S8(b) in the ESM). After 4-times reannealing, anti-
oxidation ability of entire hBN film was greatly enhanced, and the
difference in anti-oxidation ability was also eliminated (Figs. S8(c)
and S8(d) in the ESM). This was of same scenario of isolate hBN
domains displayed previously (Figs. 1(c) and 4(c)), indicating that
continuous film and isolate domains of hBN grown on Cu(111)
shared the same anti-oxidation behavior. As a comparison, we
also evaluated the improvement of anti-oxidation performance of
single-crystal hBN films grown on Cu(111) with the size greater
than 1 cm x 1 cm, and found that 4-time reannealing could also
promote the anti-oxidation ability of large-area hBN film with
fully commensurate interlayer configuration from the worst to
near-perfect level (Fig. S9 in the ESM). With these anti-oxidation
examinations at different scales, excellent effectiveness and broad
practicability of cyclic reannealing could be well substantiated.

3 Conclusion

In summary, abnormal anti-oxidation behavior of hBN/Cu(111)
was fully studied. It was shown that stronger interlayer coupling
between hBN and Cu(111) led to weaker anti-oxidation
performance due to the higher corrugations of hBN. To release
the strain and flatten the corrugations and steps, the approach of
cyclic reannealing was developed and proved that can promote the

TSINGHUA
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anti-oxidation performance of large-area hBN/Cu(111) to near
perfectness. The findings in this work not only deepened the
understanding about the anti-oxidation behavior, but also
advanced the anti-oxidation technology of 2D materials grown on
metals.

4 Experimental section

Growth of hBN domains with different orientations on single-
crystal Cu(111): A polycrystalline Cu foil (25 um thick, 99.8%;
Sichuan Oriental Stars Trading Co. Ltd) was loaded into a quartz
tube (diameter 6 cm and length 2 m) at the place of the heating
zone (length 50 cm) of tube furnace, and ammonia borane (97%;
Aldrich) was filled into an ALO; crucible and placed at upstream
1 m away from the Cu foil substrate. The substrate was heated to
1,050 °C in 1 h with mixed gas flow of Ar (500 sccm) and H,
(50 sccm) at atmospheric pressure, followed by annealing with the
same gas flow for 1 h to obtain single-crystal Cu(111). Afterward,
the system was switched to low pressure (about 200 Pa) with
mixed gas flow of Ar (10 sccm) and H, (40 sccm), while the
ammonia borane was heated to 65 °C (95 °C for specially growing
more incommensurate hBN domains with diverse orientations)
within 10 min and kept at 65 °C for 1.5 h via a belt heater wrapped
around the tube to sublimate ammonia borane and grow hBN.
After growth, the whole chemical vapor deposition (CVD) system

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure4 Improving anti-oxidation performance of hBN/Cu(111) through cyclic reannealing. (a) AFM height map at the region around grain boundary between
commensurate (right) and incommensurate (left) hBN/Cu(111) right after 4-time reannealing, of which the average roughness is 36 and 32 pm, respectively. (b)
Relative height distributions collected in area of commensurate and incommensurate hBN/Cu(111) shown in (a). (c) Optical image of 4-time reannealed hBN/Cu(111)
with commensurate and incommensurate interfacial configurations after oxidation test in dry air. (d) Plot of average roughness (upper panel) and intensity of Cu,O
Raman peaks (lower panel) with respect to times of reannealing for both commensurate and incommensurate hBN/Cu(111). The error bars represent the standard

errors in data collection.

was naturally cooled to room temperature with the gas flow of Ar
(500 sccm) and H, (10 sccm) at atmospheric pressure.

Baking test of as-grown hBN/Cu(111): Baking oven (Hefei
Kejing Co. Ltd) was warmed up to 220 °C in advance. Then
hBN/Cu(111) was placed at a fixed position in the chamber of
baking oven and baked at 220 °C right after growth (or
reannealing), with the relative humidity (RH) < 2%. Except the in-
situ oxidation test shown in Figs. 1(a)-1(c), baking time was fixed
to be 180 seconds and 10 min for single domains and continuous
films, respectively.

Post thermal treatment of as-grown hBN/Cu(111): (1) Cyclic
reannealing process: As-grown hBN/Cu(111) was cut into several
pieces, then reannealed for different times right after growth. In
each time, sample was reheated to 550 °C within 0.5 h, then
reannealed at 550 °C for 2 h with mixed gas flow of Ar (500 sccm)
and H, (50 sccm) at atmospheric pressure. Afterward, sample was
naturally cooled down to room temperature in about 2.5 h
(diagram of cyclic reannealing procedure is shown in Fig. S5(a) in
the ESM). (2) Long-time reannealing process: Sample was
reheated to 550 °C within 0.5 h, then reannealed at 550 °C for 8 h
with mixed gas flow of Ar (500 sccm) and H, (50 sccm) at
atmospheric pressure. Afterward, sample was naturally cooled
down to room temperature in about 2.5 h (diagram of long-time
annealing procedure shown in Fig. S5(b) in the ESM).

Transfer of hBN: The hBN/Cu(111) was firstly spin-coated

with polymethyl methacrylate (PMMA) and baked at 130 °C for 3
min in air, then floating on the surface of ammonium persulphate
solution for 6 h for etching of the Cu underlying. After rinse with
deionized (DI) water for 3 times, the samples were placed onto
various metal substrates (Alfa Aesar), holey-carbon-film TEM
grids (Zhongjingkeyi GIG-1213-3C), or SiO,/Si wafter (Hefei
Kejing Co. Ltd). Afterward, the resident PMMA was removed by
rinse with acetone.

Optical microscope photographing: Optical images were
obtained using a microscope (Olympus BX51 microscope). The
brightness of light source and the exposure time was fixed to be
30% and 24 ms, respectively, and the white balance was set to be:
RG:B=1:1:1.

Raman spectra measurements: Raman spectra were
performed at room temperature using a home-made system with
a laser excitation wavelength of 532 nm and a fixed power of
about 3 mW, and the integrating time was fixed to be 10 s. Each
average intensities of Cu,0 Raman peak required the
measurements of Raman spectra at randomly selected 5 positions
for each domain on total of 10 domains. Raman peak at 648 cm™
with strong signal was chosen to avoid the peak of low wave
number Raman shift [26, 27].

XPS, XRD, SHG, SEM, STEM, PEEM, and LEED
measurements: XPS was performed using axis ultra imaging X-ray
photoelectron spectrometer. XRD 20 scan measurements were

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



conducted using a Bruker D8 Advance system with a copper
target whose wavelength was ~ 1.54 A. SHG mapping was
collected by WiTec UHTS300 with incident light wavelength of
1,064 nm and a fixed excitation power of 20 mW. SEM and STEM
images were obtained using a FEI Nova NanoSEM 430 scanning
electron microscope and a Nion UltraSTEM 200 instrument
operated at 60 kV, respectively. PEEM imaging experiments were
performed in a SPECS PEEM system consisting of a preparation
chamber and a main chamber (base pressure < 3 x 10™ mbar). In
this instrument, p-LEED mode can be performed to investigate
the surface structure from local regions.

AFM measurement: Asylum research cypher AFM was
employed to perform topography measurements in ambient
conditions (about 25 °C) under contact mode with the silicon
nitride probes (Budget Sensors, SiNi) and conductive probes
(Asylum Research, ASYELEC-01), respectively. Each average
roughness required the measurements at randomly selected 5
regions (area of 5,000 nm* for each region) in the typical hBN
domain with specific orientation (or times of reannealing) on
Cu(111) immediately after growth (or reannealing).
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