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ut synthesis of large-sized single-
crystal hexagonal boron nitride on a Cu–Ni
gradient enclosure
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Chuanbin Wang,a Meijun Yang,a Takashi Goto,a Rong Tu a and Song Zhang *a

Large monolayer two-dimensional h-BN can be employed in novel electronic devices because of its thin

insulation, excellent thermal stability, and high mechanical strength. However, the efficient synthesis of

an h-BN film with large lateral size still faces a great challenge. Here, we report a method for the high-

throughput synthesis of large-sized single-crystal h-BN on a Cu–Ni gradient alloy enclosure as the

substrate via a low-pressure chemical vapor deposition (LPCVD) method. By depositing Ni on the Cu foil

in different concentrations to obtain a Cu–Ni in-plane gradient concentration alloy enclosure, the

highest growth rate of h-BN was 1 mm min�1 with the lateral size of h-BN being higher than 60 mm.

Furthermore, the effect of the Ni content on the single crystal h-BN grain size and nucleation density

and the mechanisms for the growth of h-BN were also investigated.
1. Introduction

Two-dimensional hexagonal boron nitride (h-BN) has excellent
thermal stability, good thermal conductivity and electrical insu-
lation, unique UV luminescence, high mechanical strength, and
dielectric properties. Hence, it is widely used in optoelectronic
devices, dielectric materials, multi-functional coating materials,
and self-cleaning devices. By the ion beam sputtering deposition
method,Wang et al. obtained the single-crystal h-BNwith a lateral
size of 110 mm on polycrystalline Ni foils.1 Furthermore, using the
same method, Meng et al. realized the aligned growth of single-
crystal h-BN with a lateral size of 600 mm on epitaxial Ni (111)/
sapphire substrates.2 By the sonication-assisted hydrothermal
exfoliation, Tian et al. obtained high crystalline boron nitride
nanosheets.3 In addition, the chemical vapor deposition (CVD)
method is the most promising method to acquire the h-BN lm
with high quality and large area. Wang et al. realized the epitaxial
growth of the unidirectionally aligned single-crystal h-BN on
a low-symmetry Cu (110) substrate by the LPCVD method.4 Tay
et al. reduced the nucleation point of h-BN by electrolytically
polishing the copper substrate and obtained h-BN crystal
domains with an area of 35 mm2.5 Song et al. used a Cu envelope as
the substrate and obtained the h-BN lm, with a lateral size of 72
mm and a growth rate of 0.4 mm min�1.6 Ji et al. used a copper
enclosure with a copper foil thickness of 127 mm and obtained
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i Road, Wuhan 430070, People's Republic

O), Aarhus University, DK-8000 Aarhus,

6093
monolayer h-BN domains with a lateral size up to 300 mm.7 Ying
et al. used ammonia borane as a precursor and obtained the h-BN
domain a size up to �22 mm on a Pt foil, which was inserted into
a Cu enclosure with a Ni foam.8 Among the above studies, few
literatures aimed at increasing the growth rate of h-BN. We
summarized the correlation between the lateral size and the
growth rate of single-crystal h-BN reported in a previous study, as
Fig. 1 The figure of size and growth rate of single crystal h-BN on a Cu
foil and copper envelope.
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Fig. 3 The SEM images of h-BN film on the outside of the enclosure,
the Cu foil, and Cu–Ni alloy inside of the enclosure, respectively.
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shown in Fig. 1.5–7,9–22 It is in order to grow h-BN with a higher
growth rate and simultaneously guarantee the lateral size.

As it was reported that decreasing the precursor feeding rate
can suppress the nucleation of h-BN,6 so two strategies were
incorporated to reduce the amount of boron and nitrogen radicals
appearing on the substrate surface. On the one hand, we used the
Cu–Ni alloy enclosure as the substrate, where the enclosure was
conrmed to suppress the diffusion of boron and nitrogen radi-
cals into the inner surface of the enclosure.6,7 On the other hand,
we found that the existence of the Ni atom in the Cu–Ni alloy
enclosure can further suppress this diffusion. More importantly,
the introduction of Ni can enhance the decomposition of the
ammonia borane, which is used as a precursor,8,23 thus improving
the growth rate of h-BN. Therefore, in this study, we tried to
develop an efficient method of reducing the nucleation density of
h-BN to increase the grain size with a high growth rate via LPCVD.
The mechanism for the growth of h-BN was also investigated.

2. Experimental detail
2.1 Preparation of Cu–Ni alloy enclosure

A 35 mm-thick copper foil (99.5%, Alfa Aesar) was cut into 80mm
� 35 mm pieces, pre-cleaned by ultrasonication in glacial acetic
acid (AR) and de-ionized (DI) water. Then, the Ni lm was
deposited on the Cu foil with the current density of 0.5 A cm�2

via electroplating. An electrolytic solution consisted of NiSO4-
$6H2O (320 g), NiCl2$6H2O (48 g), H3BO3 (40 g), and water (1 L).
To obtain the Cu–Ni alloy with an in-plane gradient concen-
tration of Ni, the rectangle copper foil was lied with a vertical
length of �5 mm per 20 s from the electrolytic solution in the
process of electroplating. The atomic ratio of Ni of the Cu–Ni
alloy was measured by EDS and ranged from 2% to 12%. Aer
electroplating, the Ni/Cu foil was folded into a sealed enclosure.
The details of enclosure fabrication are shown in Fig. 2(a). Aer
annealing, the three-folded edges were sealed entirely, which
was testied by the cross-section SEM images shown in Fig. 2(a).

2.2 Synthesis and transfer of the h-BN lm

As is shown in Fig. 2(b), the LPCVD system was used for the h-
BN deposition. The Ni/Cu alloy enclosure was loaded into
Fig. 2 (a) Preparation progress of the Cu–Ni alloy enclosure and the
cross-section SEM images. (b) Schematic of the LPCVD system. (c)
Schematic of the Cu–Ni alloy with the gradient concentration of Ni.

This journal is © The Royal Society of Chemistry 2020
a CVD-fused quartz tube with a diameter of 40 mm. 10–20 mg of
ammonia borane was used as the precursor. To make the two
metals inter-diffuse completely to generate the Cu–Ni alloy, the
enclosure was annealed at 1060 �C in a mixed Ar/H2 (500/50
sccm) ow under atmospheric pressure for 1 h before growth.
Aer annealing, the mixed Ar/H2 ow was changed to 80/20
sccm at the temperature of 1060 �C, and the h-BN grew at
a pressure of 100 Pa with the growth time of 60 min. Meanwhile,
the precursor was heated to 95 �C using a water bath. To further
characterize the structure of h-BN, the samples were transferred
to a SiO2/Si substrate or a TEM grid. This study used the
bubbling transfer process, and the process was consistent with
the transfer of graphene. The details can be found in ref. 24.
2.3 Characterization

The microstructure of h-BN was observed by optical microscopy
(OM,MX6RT, Sunny Optical Technology Co.) in a reectionmode
and scanning electron microscopy (SEM, FEI Quanta-FEG250 at
20 kV). Atomic force microscopy (AFM) imaging was performed
using a Bruker Multimode 8 DI in a contact mode. The high-
resolution transmission electron microscopy (HRTEM)
combined with the selected area electron diffraction (SAED) was
carried out using a JEM-2100 (JEOL, Tokyo, Japan) at 200 kV.
Raman spectroscopy (Horiba LabRam HR800 Ev, 532 nm) and X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Fischer) were used to conrm the existence of h-BN.
3. Results and discussion

Fig. 3 shows the SEM images of the h-BN morphology on the
outside of the enclosure, the Cu foil, and Cu–Ni alloy inside of
the enclosure, respectively. The substrate fully covered with
RSC Adv., 2020, 10, 16088–16093 | 16089
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Fig. 4 (a) OM image of single crystal h-BN on a 300 nm thick SiO2/Si
substrate. (b) Raman spectrum of h-BN on the 300 nm thick SiO2/Si
substrate. (c and d) XPS spectra of B 1s and N 1s.

Fig. 5 (a and b) AFM image of monolayer h-BN and the height profile
along the black line. (c) Lowmagnification TEM image of the h-BN film
on a carbon-coated copper grid. The insert shows the SAED pattern of
a random region of the h-BN film. (d) HRTEM image of a mono-layer
h-BN film.
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small h-BN akes was observed outside the enclosure, whereas
the single-crystal h-BN with different sizes was observed inside
the enclosure. It is obvious that the nucleation density of h-BN
on the inner enclosure was reduced greatly. As for the inner
surface of the enclosure, when the size and nucleation density
of h-BN deposited on the Cu foil and Cu–Ni alloy were
compared, the nucleation density was found to be �4.4 � 105

nuclei per mm2 on the pure copper foil and the largest h-BN
domain size was only 1–2 mm, while the nucleation density
was reduced to �1.0 � 102 nuclei per mm2 on the Cu–Ni alloy
and the domain size was increased to �60 mm. Upon further
increasing the growth time, the h-BN would continue to grow
until it touched the adjacent grain. The doped Ni atoms make
a great reduction in the nucleation density of h-BN on the Cu
foil. This phenomenon is consistent with the previous work,
which states that the nucleation density of the h-BN growth on
the Cu–Ni alloy can decrease enormously as the introduction of
Ni can enhance the decomposition of the ammonia borane.23

However, there is neither poly-ammonia-borane nor its partially
dehydrogenated derivatives on the inner surface of the Cu–Ni
alloy enclosure, which is correlated to the h-BN grain nucle-
ation. It is apparent that the reduction in the nucleation density
is due to other mechanisms, which will be described below.

Fig. 4(a) shows the OM image of the triangular single-crystal
h-BN on the SiO2/Si substrate. The XPS spectra (Fig. 4(b) and (c))
show that the binding energies of B 1s and N 1s were 190.54 eV
and 398.24 eV, respectively. The ratio of B to N atom was 1. This
result is consistent with that obtained in the previous literature,
conrming the existence of the B–N bond.22 A Raman charac-
teristic peak is found at 1368 cm�1 in Fig. 4(d), which corre-
sponds to the h-BN E2g phonon frequency. The small peak at
1450 cm�1 is from the third-order transverse optical (TO)
phonon mode of Si, which is also observed on the pure SiO2/Si
substrate.
16090 | RSC Adv., 2020, 10, 16088–16093
AFMwas used tomeasure the thickness of the h-BN lm. The
single-crystal h-BN with a typical triangular shape is observed in
the AFM image (Fig. 5(a)). Moreover, Fig. 5(b) shows that the
thickness of h-BN is �0.8 nm, which is consistent with
a monolayer thickness on Si/SiO2. To further characterize the
crystalline and the layer number of h-BN, the TEM images are
shown in Fig. 5(c) and (d). The insert of Fig. 5(c) shows the SAED
pattern of h-BN. A set of characteristic six-fold symmetric spots
of the h-BN lm is observed, which conrm the good crystal-
linity of the h-BN grains. The high-resolution TEM image is
shown in Fig. 5(d), which further proves themono-layer of the h-
BN lm.

Fig. 6 shows the inuence of the Ni content on the single-
crystal h-BN grain size and nucleation density. The nucleation
density of h-BN deposited on pure Cu (Fig. 6(a)) was up to 4 �
105 mm�2, and the corresponding grains size was just 1–2 mm.
When the Ni atom was doped into the Cu foil, the nucleation
density of h-BN decreased greatly. The SEM images of h-BN
deposited on different Ni contents (2–12%) are shown in
Fig. 6(b)–(g). Moreover, the relationship between the grain size/
nucleation density and the Ni content is shown in Fig. 6(h).
When the Ni content is at 10%, the single-crystal h-BN grains
size increased to �60 mm with a high lateral growth rate of 1
mm min�1, and the nucleation density reduced to 400 mm�2.
With a further increase in the Ni content (12%), the nucleation
density decreased to 100 mm�2, but the grain size was only �30
mm at a lower lateral growth rate of �0.5 mm min�1. That is to
say, the high content of Ni can suppress the formation of h-BN.
This phenomenon is consistent with the law discovered by the
previous work,23 and the different suppress mechanisms are
discussed as follows.

Fig. 7 shows the growth mechanisms of h-BN on the inner
Cu–Ni enclosures. Kong and Ruoff et al. have discussed the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a–g) The SEM image of h-BN grown on the Cu–Ni alloy foils with different Ni contents (a) 0%, (b) 2%, (c) 4%, (d) 6%, (e) 8%, (f) 10%, and (g)
12% at 1060 �C for 60 min. (h) Dependence of the single crystal h-BN grain size and nucleation density on the Ni content.
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growth mechanism of graphene on the Cu enclosures.25,26 They
thought that the carbon atoms have two pathways to diffuse
into the inner surface of the enclosure. Ji et al. had investigated
the mechanism of h-BN on the Cu enclosures.7 They had proved
that when the copper envelope was completely sealed, the B
and N atoms could only diffuse into the interior of the envelope
Fig. 7 (a–c) Preparation progress of the Cu–Ni alloy pocket; (d and e) Op
image of h-BN corresponding to the region marked by the red square; (
pure copper and Cu–Ni alloy bulk.

This journal is © The Royal Society of Chemistry 2020
through bulk diffusion. Unlike their studies, we used a Cu–Ni
alloy folded into an enclosure. The two possible diffusion
pathways of precursor between the inner and outer enclosure
are as follow: (1) gaps of three edges and (2) the Cu–Ni alloy
bulk. The three folded edges were sealed completely aer
annealing, which could be conrmed by the cross-section
tical picture of area I and area II in (c), the inset is the magnified optical
f) schematic of atoms diffusing into the interior of the pocket through

RSC Adv., 2020, 10, 16088–16093 | 16091
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Fig. 8 Schematic of the growth mechanism of h-BN on inner Cu–Ni
enclosures. (1) Decomposition, (2) diffusion, (3) the nucleation and
growth of h-BN.
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images. Compared to the Cu enclosure, we found that the Cu–Ni
enclosures have another function: the existence of Ni atoms can
further prevent the diffusion of boron and nitrogen radicals
into the inner surface. The preparation process of the Cu–Ni
enclosure is shown in Fig. 7(a)–(c). The Ni lm with a certain
concentration was deposited on the Cu foil and then turned into
Cu–Ni alloy aer annealing. Fig. 7(d) and (e) show the growth of
h-BN at the inner surface of the enclosure, which corresponds to
area I and area II in Fig. 7(c), respectively. With a certain
amount of precursor and growth time, it can be seen that
a continuous h-BN lm was formed on the copper foil, the
sporadic h-BN domain was formed at the boundary between Cu
and Cu–Ni alloy area, and no h-BN was generated on the Cu–Ni
alloy. When the amount of precursor or the growth time was
increased, a separate h-BN domain with a larger grain size was
observed on the inner surface of the Cu–Ni alloy; and a contin-
uous lm was formed on the inner Cu foil. This phenomenon
shows that the incorporation of the Ni atom in the Cu foil can
block B, N atom diffusion into the inner surface of the enclo-
sure. Fig. 7(f) is the schematic of the B and N atom diffusion
into the interior of the enclosure through pure Cu and Cu–Ni
alloy. The Cu–Ni alloy prevents the excess precursor from
entering the inside of the enclosure by blocking or absorbing
the B and N atoms, thereby the nucleation density of h-BN was
reduced greatly. The schematic of the growth mechanism of h-
BN on the inner Cu–Ni enclosure is shown in Fig. 8. When
ammonia borane decomposes at a high temperature, B and N
atoms diffuse into the inner surface of the enclosure by bulk
diffusion only, excess precursor atoms are blocked by the
copper-nickel alloy, which greatly reduces the nucleation
density on the interior surface and grows single-crystal h-BN
with a large size. In addition, the introduction of Ni can
enhance the decomposition of the ammonia borane on the
outer surface of the Cu–Ni alloy enclosure, thus improving the
growth rate of h-BN.

4. Conclusion

In conclusion, we synthesized a large single-crystal h-BN lm
with a lateral size of 60 mm and the growth rate of 1 mm min�1

on the Cu–Ni alloy enclosure, compared with h-BN with a lateral
size of 1–2 mm deposited on pure copper. The as-grown crystal
h-BN was a monolayer, with a thickness of 0.8 nm and a lateral
size of �20 mm, which was further conrmed by the HRTEM
16092 | RSC Adv., 2020, 10, 16088–16093
image. The growth mechanism of h-BN on the inner surface of
the enclosure was discussed. Besides, the high-throughput
synthesis of h-BN was realized by depositing the Ni lm, with
a gradient concentration on the Cu foil with the optimal Ni
content of 10%.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the Science Challenge Project (No.
TZ2016001), the National Natural Science Foundation of China
(No. 51861145306, 51872212 and 51972244), and the 111 Project
(B13035), and Joint Fund of Ministry of Education for Pre-
research of Equipment (6141A02022257). This research was
also supported by the International Science & Technology
Cooperation Program of China (2018YFE0103600,
2014DFA53090), the Technological Innovation of Hubei Prov-
ince, China (2019AAA030), the Fundamental Research Funds
for the Central Universities (WUT: 2018YS003, 2018YS016,
2019III030, 2019III028, SCU: YJ201893), and the State Key
Laboratory of Advanced Technology for Materials Synthesis and
Processing (WUT, Grant No. 2019-KF-12) and State Key Lab of
Advanced Metals and Materials, China (Grant No. 2019-Z03).
Notes and references

1 H. L. Wang, X. W. Zhang, H. Liu, Z. G. Yin, J. H. Meng, J. Xia,
X. M. Meng, J. L. Wu and J. B. You, Adv. Mater., 2015, 27,
8109–8115.

2 J. H. Meng, X. W. Zhang, Y. Wang, Z. G. Yin, H. Liu, J. Xia,
H. L. Wang, J. B. You, P. Jin, D. G. Wang and X. M. Meng,
Small, 2017, 13, 8.

3 Z. Tian, K. Chen, S. Sun, J. Zhang, W. Cui, Z. Xie and G. Liu, J.
Adv. Ceram., 2019, 8, 72–78.

4 L. Wang, X. Z. Xu, L. N. Zhang, R. X. Qiao, M. H. Wu,
Z. C. Wang, S. Zhang, J. Liang, Z. H. Zhang, Z. B. Zhang,
W. Chen, X. D. Xie, J. Y. Zong, Y. W. Shan, Y. Guo,
M. Willinger, H. Wu, Q. Y. Li, W. L. Wang, P. Gao,
S. W. Wu, Y. Zhang, Y. Jiang, D. P. Yu, E. G. Wang,
X. D. Bai, Z. J. Wang, F. Ding and K. H. Liu, Nature, 2019,
570, 91–95.

5 R. Y. Tay, M. H. Griep, G. Mallick, S. H. Tsang, R. S. Singh,
T. Tumlin, E. H. Teo and S. P. Karna, Nano Lett., 2014, 14,
839–846.

6 X. Song, J. Gao, Y. Nie, T. Gao, J. Sun, D. Ma, Q. Li, Y. Chen,
C. Jin, A. Bachmatiuk, M. H. Rümmeli, F. Ding, Y. Zhang and
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