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A B S T R A C T   

The synthesis of large-area multilayer hexagonal boron nitride (h-BN) is a prerequisite for advanced 2D material- 
based transparent electronics. The formation of large-area h-BN domains limits the possibility of grain boundary 
leakage current and mechanical ruptures of h-BN layers. In this work, we report the oxygen-activated synthesis of 
high-quality multilayer h-BN on polycrystalline copper foils, to reduce the nucleation site density and enhance 
the size of h-BN domains up to ~180 μm. The oxygen-activated synthesized h-BN domains are at least 20–30 
times larger than the domains synthesized by the non-oxygen-based synthesis process. 

Experimental results demonstrate that the h-BN domain size does not depend on the crystal orientation of the 
catalyst. X-ray photoelectron spectroscopy (XPS), Scanning electron microscopy (SEM), Atomic force microscopy 
(AFM), and Angle-resolved photoemission spectroscopy (μ-ARPES) measurements together with Raman spec-
troscopy indicate that the synthesized h-BN layers are of high quality.   

1. Introduction 

The tremendous advancement in graphene technology has triggered 
researchers to explore and expand the 2D materials family. 2D hexag-
onal boron nitride has attracted researchers for its unconventional and 
enthralling properties: wide energy gap [1], atomically smooth surface 
[2,3], ultra-high transparency [5], and high flexibility [7]. Besides the 
electrical insulation, h-BN exhibits high thermal conductivity as well as 
adequate chemical and thermal stability. 

These interesting properties make h-BN a distinctive material in 
several fields such as electronics [1,6], magnetics [14], photonics 
[1,11], optoelectronics [4,12], and electromechanical applications [13]. 
The sp2 hybridized boron and nitrogen atoms are arranged in a hexag-
onal honeycomb structure [9] that provides ultra-high mechanical 
strength [8] in the basal plane direction. h-BN shows a sharp absorption 
in the deep ultraviolet (DUV) range [10] when it is reduced to a 
monolayer from its bulk counterpart. Defects in the crystalline structure 
of h-BN are highly bright photon emitters [14]. Moreover, h-BN is also a 
direct wide bandgap semiconductor with a strong UV emission [15,16]. 

h-BN has been considered as a promising atomically smooth insulating 
substrate for a range of 2D materials. Being an isomorph of graphene 
with a lattice mismatch of less than 1.6 %, h-BN is an ideal substrate for 
the epitaxial growth of graphene [38]. The above-mentioned extensive 
range of applications require high quality and a large area of h-BN 
layers. Mechanically exfoliated h-BN layers are of high quality but 
provide small flakes isolated and randomly distributed while large or 
even continuous areas of h-BN are composed of smaller individual do-
mains that can be chemically synthesized. Higher nucleation site density 
results in smaller grain size that ultimately leads to a remarkable in-
crease in the grain boundaries known as h-BN defects [14,36]. These 
defects give rise to charge puddles and surface roughness that result in 
poor device performance [2]. Therefore, defects or control of grain 
boundaries in h-BN layers are essential for excellent physical properties 
and higher device efficiency. Attempts have been made in recent years 
to produce high quality and large area h-BN via chemical vapor depo-
sition (CVD) [17–27], plasma-enhanced atomic layer deposition [28], 
metal–organic chemical vapor deposition [29], molecular beam epitaxy 
[30–32] and liquid phase exfoliation processes [33–35]. However, for 
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the large growth of single-crystalline h-BN, chemical vapor deposition is 
preferred over the other above-mentioned processes. In addition, the 
CVD process is widely adapted for the synthesis of 2D materials due to its 
low cost and simpler design. The copper substrate [10,18,22,23,25,36] 
is currently the most used catalyst for the growth of graphene and h-BN. 
A wide range of other catalytic substrates have been already utilized 
such as Fe [21], Ag [37], Pt [43], Ni [27] to get better control over the 
synthesis and other non-catalytic substrates like Si [47], and Ge [52] to 
avoid the tedious transfer process. Different precursors have been pro-
posed and tested to achieve excellent growth conditions. The wide-
spread precursors for the h-BN CVD growth are ammonia borane (BH3- 
NH3) [10,18,22,25], B-trichloroborazine (B3N3H3Cl3) [48], and bor-
azine (B3N3H6) [17,21]. All aforementioned precursors have the 
advantage of having 1:1 boron to nitrogen stoichiometry. On the other 
hand, heterogeneous pyrolysis of B2H6 [45], BCl3 [46], BF3 [47] 
together with NH3 has also been reported. 

Recently, researchers have highlighted the interest in trimethyl-
amine borane (CH3)3N.BH3 as h-BN growth precursor [49]. Despite all of 
these efforts, the size of the h-BN domains is still much smaller than the 
graphene domains synthesized by the CVD process on a metallic sub-
strate. This is ascribed to the immense difference of adsorption energies 
between carbon atoms and the B-N pairs on the Cu surface based on first- 
principle calculations [19,23]. Unlike carbon, boron and nitrogen atoms 
show different solubility rates [24] within the substrate (Cu, Ni, Fe, etc.) 
at a high temperature which leads to inhomogeneous and uncontrolled 
growth of h-BN. It may alter the boron to nitrogen ratio, which then 
results in poor quality and possibly modified properties. Researchers 
have reported the typical size of h-BN domains in the order of a few 
micrometers in most of the published articles [21]. Since the early 
development of h-BN growth, several investigations have been carried 
out to control the nucleation site density. 

Roland et al. proposed electrochemical polishing to smoothen the Cu 
surface, and thus prevent unwanted nucleation occurring at the rough 
and defected copper surface [25]. Metallic thin films including Ni [17], 
Co [19], Fe [24], Au [38], Cu [41], and Rh [39,40] deposited on the 
ultra-smooth surface of Si, quartz, and sapphire have been reported in 
the literature to achieve high-quality large area h-BN. Table S1 sum-
marizes different large area processes previously mentioned in the 
literature. Lu et al. utilized Cu-Ni alloy to enlarge the size of the domains 
[20]. Wang et al. demonstrated an enormously large triangular domain 
up to 330 μm on the liquid copper surface by using water vapor during 
the growth of h-BN [42]. The liquid metallic surface provides a smooth 
and grain boundary-free substrate. This further requires a higher tem-
perature (>1087 ◦C) which is also responsible for the quality growth and 
large area synthesis [26]. Metal pockets formation also improves the 
nucleation site densities by minimizing the partial pressure of the pre-
cursor which is quite an important parameter to avoid the pre- and post- 
growth or secondary nucleation [27,44]. Some other strategies 
including annealing of the metallic substrate [59], precursor feeding 
rate [18], catalytic substrate orientation [52,53], and controlling of the 
carrier gas are crucial to grow a large area of h-BN. 

The above-mentioned synthesis processes require specific pre- or in 
situ processing such as polishing, pre-oxidation in air, or implementa-
tion of foreign materials, which are not very common and cumbersome 
to customize the instruments in such a way to obtain similar results. 
Earlier, it has been demonstrated that in the presence of oxygen, gra-
phene nuclei are reduced and trigger large area AB stacked bilayer 
graphene [60,61]. In the case of h-BN CVD growth, the role of oxygen 
has been rarely investigated. It has been noted that the introduction of 
oxygen for CVD h-BN growth not only decreases the energy barrier for 
precursor dehydrogenation but also improves the nucleation site den-
sities [54]. Chang et al. have demonstrated that oxide-assisted h-BN 
synthesis improves the h-BN domain size [36]. They have concluded 
that a pre-oxidized mechanically polished surface is crucial for large 
area h-BN domains. They were able to achieve the single layer h-BN 
grain of 20 μm by ambient pressure chemical vapor deposition (APCVD). 

Babenko et al. have demonstrated a novel approach by oxidizing a 
carburized iron foil at low temperatures [63]. By this integrated 
approach, they were able to manage single layer h-BN up to 1.1 mm and 
bilayer h-BN up to 180 μm. Lin et al. have also presented a similar effect 
for their multilayer h-BN growth [51]. They maintained a small partial 
pressure of the air around 20 mTorr in the CVD chamber to grow 
multilayer h-BN. In their case, no individual domain has been observed. 
Besides, the previously reported processes have precisely considered the 
large area growth for the single layer h-BN only. This atomically thin 
boron nitride offers very low tunneling resistance and thus is not suit-
able for the gate dielectric layer in field-effect transistors (FETs) [62]. 
Therefore, a large-area synthesis of multilayer h-BN is of great 
importance. 

In this work, a low-pressure chemical vapor deposition (LPCVD) 
process for the synthesis of crystalline multilayer h-BN is performed. 
Here, the effect of oxygen-based annealing on the copper foils is inves-
tigated to achieve large area h-BN growth. The copper substrate was 
oxidized by oxygenated argon for few hours to eliminate possible 
organic impurities and formed a protective oxide layer prior to the 
growth. This oxygen-activated chemical vapor deposition (OA-CVD) 
exhibits an enormous increase in multilayer h-BN domain size. We have 
compared our OA-CVD growth results with the hydrogen annealed CVD 
(HA-CVD) growth. The OA-CVD and HA-CVD take place under two 
different pressure regimes on copper foils without any surface pre- 
treatment. OA-CVD synthesized h-BN domains having a thickness of 
2–4 nm exhibit multi-shape domains all over the substrate while the HA- 
CVD synthesized h-BN domains emerge out as triangular-shaped pre-
dominantly which has been attributed to an interplay between the active 
precursor concentration i.e. ratio of B and N, the substrate temperature 
[23], substrate type (whether polished or unpolished) [25] and the 
presence of oxidised species on the surface of Cu which is more relevant 
in our case as will be discussed later [67]. The domain size of the crystals 
synthesized by OA-CVD process is 20–30 times larger than the HACVD 
ones. The size and thickness of as grown multilayer h-BN are charac-
terized by optical microscopy, scanning electron microscopy (SEM) and 
atomic force microscopy (AFM). The quality of h-BN layers is evaluated 
by x-ray photoelectron spectroscopy (XPS), angle-resolved spectroscopy 
(μ-ARPES), photoemission electron microscopy (PEEM), and raman 
spectroscopy. 

2. Experimental details 

2.1. h-BN synthesis 

Thin films of h-BN are prepared by a novel OA-CVD process at low 
pressure. The 50 μm-thick copper foil was purchased from Advanced 
Materials. The copper foil is loaded into the CVD chamber without any 
pretreatment or cleaning. After loading the copper substrate, a few mg 
(20–30 mg) of ammonia borane is separately loaded in a quartz boat into 
a separate anti-chamber, which is wrapped with a highly resistive sili-
cone belt. CVD equipment quickly pumps down at low pressure to 
remove all air contaminations. After that, the system is purged with a 
heavy flow of 99.99 % pure argon at a rate of 556 sccm for at least 5 min 
to remove all the contaminants from the chamber. Then, the system 
heats up to 800–900 ◦C for the pre-oxidation of copper foil with a 
controlled flow of 556 sccm Ar and 3–6 sccm of Ar/O2 (500 ppm). The 
sample oxidizes at near ambient pressure for 30–120 min. Before 
starting the growth, 7 sccm hydrogen (10 % in Ar) is purged into the 
chamber and the temperature is ramped up to 1060 ◦C to initiate the 
growth. In the meantime, the heating of the anti-chamber, and the 
temperature are maintained just below the decomposition temperature 
of ammonia borane. Just before the growth, the pressure of the CVD 
chamber is reduced to 200–400 mbar and the temperature of the anti- 
chamber is increased to 94 ± 2 ◦C. The growth takes place at a tem-
perature of 1060 ◦C for 45 to 60 min. During the growth duration, the 
flow of Ar/H2 is kept around 51–85 sccm while the flow of Ar is kept 
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around 0–35 sccm. After that, the heating of the ammonia borane 
chamber is stopped and the argon flow rate is set to zero. The CVD 
chamber is quickly cooled down to stop the secondary growth/amor-
phous BN species on the crystalline h-BN in the presence of continuous 
flow of Ar/H2. 

2.2. Transfer of h-BN 

After the growth, h-BN synthesized copper foil is mounted on a flat 
silicon substrate with the help of Kapton tape. Then, the h-BN films were 
coated with a film of 4 % polymethylmethacrylate (PMMA) at 3000 rpm 
for 1 min, and the sample is left to dry overnight. The copper substrate 
was then etched in an aqueous FeCl3 solution and the PMMA/h-BN stack 
successively rinsed 5–8 times in a DI water bath. The stack is placed on a 
300 nm oxidized silicon substrate. The sample was left at room tem-
perature to dry overnight. A layer of fresh PMMA is applied to the 
transferred stack to soften the old PMMA layer. After a few minutes, the 
transferred h-BN on SiO2 substrate was left into hot acetone for 20–30 
min to etch away the PMMA layer. 

2.3. XPS 

The XPS analysis is carried out with an SSX 100/206 photoelectron 
spectrometer from Surface Science Instruments (USA) equipped with a 
monochromatized micro-focused Al X-ray source (powered at 20 mA 
and 10 kV). The samples were fixed with double-sided tape onto a 
ceramic carousel. The pressure in the analysis chamber was around 10-6 

Pa. The angle between the surface normal and the axis of the analyzer 
lens was 55◦. The analyzed area was approximately 1.4 mm2 and the 
pass energy was set at 150 eV. Under these conditions, the full width 
measured at half maximum (FWHM) of the Au 4f 7/2 peak for a clean 
gold standard sample was about 1.6 eV. A flood gun set at 8 eV and a Ni 
grid placed 3 mm above the sample surface were used for charge sta-
bilization. The following sequence of spectra was recorded: survey 
spectrum, C 1s, O 1s, N 1s, B 1s, Cu 2p, and C 1s again to check the 
stability of charge compensation with time. The C-(C, H) component of 
the C 1s peak of carbon has been fixed to 284.8 eV to set the binding 
energy scale. Data treatment was performed with the CasaXPS program 
(Casa Software Ltd, UK), some spectra were decomposed with the least- 
squares fitting routine provided by the software with a Gaussian/Lor-
entzian (85/15) product function and after subtraction of a non-linear 
baseline. Molar fractions were calculated using peak areas normalized 
based on acquisition parameters and sensitivity factors provided by the 
manufacturer. 

2.4. TOF-SIMS 

SIMS depth profiles are made using a TOF.SIMS5 (IONTOF GmbH, 
Münster, Germany) time-of-flight secondary ion mass spectrometer. The 
instrument is equipped with a Cs + gun as the sputtering source and a 
liquid metal ion gun (Bi) as an analytical source both mounted at 45◦

concerning the sample surface. The time-of-flight mass analyzer is 
perpendicular to the sample surface. Depth profiling is carried out in the 
‘interlaced’ mode. The Cs + ion source was operated at 1 keV with a d.c. 
current of 10nA. For depth profiling, the focussed Cs beam of primary 
ions was rastered over an area of typically 600 × 600 μm2. A pulsed 
beam of 30 keV Bi5+ (a.c. current of 0.1 pA) ions is employed to provide 
mass spectra from a 200 × 200 μm2 area in the center of the sputter 
crater. No charge compensation was necessary on these conductive 
samples. All data analysis is carried out using the software supplied by 
the instrument manufacturer, SurfaceLab (version 6.8). 

2.5. PEEM and μ-ARPES 

The surface analysis of samples was performed at Bristol NanoESCA 
Facility in ultrahigh vacuum (UHV) chambers. The samples underwent 

many annealing procedures for cleaning purposes. Work function 
mapping and full-wave vector ARPES were obtained at a low tempera-
ture of 34 K (liquid He) with NanoESCA II energy-filtered PEEM (EF- 
PEEM) using a non-monochromatic Hg source (hν≈ 5.2 eV) for WF 
mapping and a monochromated helium (hν = 21.2 eV) source for 
ARPES. 

2.6. Raman spectroscopy 

LabRAM HR is an instrument from Horiba Scientific, which combines 
a very high spectral and spatial resolution with the ability to probe 
samples with three different laser wavelengths: 488 nm, 514 nm, and 
633 nm. The different available gratings allow sweepings of the sample 
from 80 cm− 1 to 3500 cm− 1 in a single acquisition. A motorized stage 
allows XY and Z mapping of defined areas to investigate point-by-point 
characteristics of a determined area in the sample. All the Raman 
analysis is carried out using green laser with an acquisition time of 600 s. 
The Raman map is plotted by taking 546 points in the non-sweeping 
mode. To calculate the statistical measurement of the peak location 
and the FWHM a sample size of 98 and 22 random locations is consid-
ered respectively. 

2.7. SEM and optical microscopy 

Zeiss Axio Imager Vario A2 Research microscope with a wide range 
of incident light techniques (BF, DF, DIC, TIC) and equipped with a CCD 
camera having a sample holder: up to 8′′ and can go up to 100×
magnification is used. The h-BN domain shape, size, and density were 
observed by scanning electron microscopy FIB-SEM, Zeiss Auriga series 
equipped with unique GEMINI detector. 

2.8. AFM 

AFM images are recorded by Bruker icon dimension multimode 
scanning probe microscopy. The h-BN samples were transferred to 300 
nm SiO2/Si substrate before the imaging. 

2.9. XRD 

XRD measurements are performed using a Bruker D8 advanced, 
equipped with a linkeye XE-T detector and Cu source. The two-theta 
range from 5 to 60◦ is scanned with an increment of 0.015◦ and an 
integration time of 0.15 s using a Bragg Brentano geometry. The Bruker 
software EVA is used for data processing by using either the COD or PDF 
2 database for phase recognition. 

3. Results and discussion 

In this work, copper foils (Cu) are used as the catalytic substrate for 
h-BN growth. Fig. 1(a) shows a schematic representation of the experi-
mental setup. The synthesis of h-BN takes place in a CVD oven composed 
of a 4-inch quartz tube with digital mass flow controllers. Ammonia 
borane powder (BH3NH3) is supplied as the precursor and placed into an 
aluminum anti-chamber wrapped with a highly resistive silicone rubber 
heating tape. Here, we use two separate heating systems to provide 
better control over the synthesis process. The CVD system has been 
customized in a way that the vapor of ammonia borane (AB) vapors go 
into the synthesis chamber during the growth duration only. The heating 
of AB takes place in two different segments (pre- and post-heating) [see 
supplementary information, Fig. S1 (a)] to avoid any possibility of pre- 
nucleation of h-BN. During the pre-heating, we supply the thermal en-
ergy to maintain the temperature well below the decomposition tem-
perature of the AB (<70 ◦C) [55]. Later on, during the post-heating 
[Fig. S1 (a)], the temperature is maintained at around 95 ± 3 ◦C. The 
h-BN growth triggers when the temperature goes above 70 ◦C. The 
carrier gas (Ar) delivers the AB vapor with mainstream gas into the 
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synthesis chamber where a copper substrate is kept at 1060 ◦C on a 
quartz support wafer. Our CVD process shows multilayer h-BN growth 
on the copper substrate. AB decomposition takes place in the tempera-
ture range of 70–95 ◦C that results in different gaseous species such as 
borane (BH3), ammonia (NH3), diborane (B2H6), monoamino borane 
(NHBH), borazine (B3N3H6), hydrogen (H2), and other complex species 
[50]. A schematic representation of AB dissociation is illustrated in 
Fig. 1(b). Thermogravimetric analysis (TGA) analysis has been carried 
out to confirm the hydrogen evolution process from AB [see Fig. S1 (b)]. 
AB evolves the hydrogen gas when decomposing to active BN species. 
The decomposition of AB is explained in detail by the chemical equa-
tions illustrated in Table S2 (I). These gaseous species are carried by 
argon and hydrogen into the synthesis chamber and get adsorbed on the 
copper surface. Active species such as mono-amino borane, borazine 
dehydrogenate and generate stable nuclei for h-BN growth. The other 
active species dehydrogenate and attach to the stable nuclei resulting in 
the size increment of the h-BN domains that finally coalesce into the 
continuous layer by the constant supply of active species. Fig. 1(c) and 1 
(d) show the schematic representation of the h-BN growth mechanisms 
that are (i) surface-mediated growth widely accepted for the CVD-grown 
2D materials, and (ii) the segregation/quenching of boron and nitrogen 
atoms during the cooling of CVD furnace, respectively. Epitaxial growth 
of monolayer h-BN takes place on the surface while the boron and ni-
trogen diffuse into the copper substrate at high temperature, which 
precipitates out during the cooling process and nucleates further layers 
of h-BN as demonstrated in Fig. 1(d). Takesaki et al. have demonstrated a 
similar concept for bilayer graphene synthesis on Cu-Ni alloys [58]. 
Chang and coworkers have also illustrated the epitaxial growth of 
monolayer h-BN [36]. The depth profiling of copper foils after the 
growth further confirms that the segregation of boron takes place during 
the cooling process. Fig. S2 demonstrates the presence of metallic boron 
inside the copper substrate. Fig. S3 (a) illustrates the synthesis protocol 

for the non-oxygen-based CVD, i.e. hydrogen annealed CVD (HA-CVD) 
process. In the HA-CVD process, the copper surface is annealed in Ar/H2 
at near ambient pressure. A plethora of organic impurities remain on the 
substrate due to the lack of oxidative agents and offer additional 
nucleation sites for the h-BN synthesis leading to smaller h-BN domains 
[Fig. 2(a–b)]. On the other hand, in the oxygen-activated CVD (OA-CVD) 
process, we introduce a pre-oxidation step that actively oxidizes po-
tential organic impurities and passivates the copper surface by a thin 
oxide layer. The synthesis protocol of the OA-CVD process is illustrated 
in Fig. S3 (b). In the presence of copper oxide, the catalytic property of 
copper extinguishes and BN molecules require higher dissociating en-
ergy to initiate the growth. This concept was adapted by Chang et al. for 
the single-layer h-BN growth pre-oxidized mechanically polished copper 
foils [36]. The oxidation of copper foils in the air creates an oxide barrier 
on the surface to prevent uncontrolled nucleation. However, due to 
direct exposure of the oxide layer to the mainstream gas (Ar/H2), the 
copper oxide quickly reduces and offers a fresh catalytic Cu surface for 
growth after only a couple of minutes. Consequently, it results in pretty 
small h-BN domains. Although, they sufficiently managed to attain a 
maximum domain size of about 20 μm. On the contrary, in our OA-CVD 
process, the oxidation takes place by 500 ppm of oxygen altogether with 
argon during the pre-oxidation step [Fig. S3 (b)] which was absent in the 
HA-CVD process. This reduction of nucleation site density due to oxi-
dising the Cu surface has been discussed earlier in the case of graphene 
[72–74]. The oxidation in the CVD chamber itself provides better con-
trol over the thickness of the oxide layer by regulating the flow rate of 
oxygen as compared with the uncontrolled oxidation of copper foils in 
the air. Most of the organic species are oxidized by the introduction of 
oxygen at a high temperature around 800–900 ◦C [see Table S2 (II)] due 
to the surface confinement as presented in [68–70]. The non-confined 
copper surface which is directly exposed to the mainstream gases 
heavily oxidizes typically in 1–2 hours of duration while the bottom 

Fig. 1. Schematic representation of the CVD process. (a) 2D representation of the CVD chamber having a separate antichamber for AB decomposition, AB vapors 
delivered into synthesis chamber by Ar and Ar/H2. (b) Schematic diagram of pyrolysis showing molecular development from AB dissociation. (c) Schematic rep-
resentation of surface-mediated h-BN growth mechanism on copper foils. (d) Schematic diagram of segregation/quenching mechanism of h-BN growth. 
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surface-confined by quartz support formes a gradient of a thin copper 
oxide layer as depicted in the schematic diagram of Fig. 3, [see also 
Fig. S4 (a–b) for the experimental pictures of copper foils]. The oxide 
layer confined by the quartz support lasts longer than the non-confined 
thick copper oxide [Fig. S4 (cvd)]. This substrate confinement effect 
keeps very low partial pressure of hydrogen during the ramping period, 
which results in slower etching of copper oxide and helps to maintain 
the oxide layer during the growth regime as well. Moreover, the copper 
confinement also maintains the low partial pressure of AB vapor that 
favors the growth of large-area h-BN domains. The h-BN domains 
formed on this confined surface are in the range of 10–180 μm [Fig. S15 
(a)] when the oxidation time varies from 30 to 120 min [Fig. 4(a–c)]. 
Further oxidation of copper foils does not improve the size of the do-
mains certainly due to the saturated copper oxide formation. As illus-
trated in Fig. S3 (a) and S3 (b), the HA-CVD growth was followed by a 
one-hour hydrogen treatment (annealing) of the copper substrate at 
1060 ◦C whilst in the OA-CVD synthesis protocol, this treatment was 
replaced by oxygenated argon for 1–2 hours of oxidation in a temper-
ature range of 800–900 ◦C and then the temperature is raised to 1060 ◦C 

in the presence of argon and hydrogen. The key difference between both 
processes is the pre-oxidation step, which takes place before the growth 
at least for 30 min to create the thin oxide layer on the copper surface. 
The introduction of hydrogen after the oxidation of copper foils is to 
prevent the surface deterioration of the substrate [71,72], which occurs 
due to the trapped surface oxygen when the copper oxide is exposed to 
the active BN species. The surface deterioration also can be seen when 
the copper substrate is oxidized at a high temperature or with a heavy 
concentration of oxygen. This deterioration is usually formed as grooves 
and holes that create roughness\irregularities all over the surface Fig. S5 
(a–c). Sometimes it also leaves black burn spots on h-BN layers. The h- 
BN domains produced by the OA-CVD process are at least 20–30 times 
larger than the domains synthesized by the HA-CVD process as shown in 
Fig. 2(b) and Fig. 4(a–c). The pre-oxidation step duration influences the 
size of the domains when it is increased from 30 min to 2 hours and it is 
attributed to the thin CuOx layer and the surface confinement effect. The 
natural confinement of copper foil provided by the quartz support en-
ables us to achieve highly reproducible growth [Fig. S5 (d–e)]. Typi-
cally, our process growth is carried out for 30–45 min to achieve 

Fig. 2. SEM images of HA-CVD synthesized h-BN domains. (a–b) SEM images of HA-CVD synthesized h-BN domains on copper foils. The scale bar is 2 μm and 1 μm 
for images a & b, respectively. 

Fig. 3. Schematic illustration of OA-CVD synthesized h-BN. The synthesis of h-BN takes place in four different stages. (I) The first stage demonstrates placing the 
purchased copper foils in the CVD chamber and ramping-up to oxidation temperature. (II) In this stage the oxidation of copper foil takes place all around which is the 
key feature of large-area synthesis of h-BN. (III) In this stage the copper oxide is partially reduced by the insertion of a small amount of Ar/H2. This is the part where 
CVD ramps-up to growth temperature. (IV) This is the final stage of growth in which AB precursor is supplied to the chamber and h-BN growth takes place on both 
surfaces of copper foils. (V) The large h-BN domains found on the confined surface as shown in the schematic representation. 
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distinguished h-BN domains while elongated growth duration up to 60 
min or more produces continuous layers [Fig. S6 (a–d)]. The control 
over the continuous layer formation not only depends on the longer 
growth duration but also can be achieved by maintaining the flow rate of 
the hydrogen and the argon which has been used as carrier gases in our 
processes. A higher flow rate increases the precursor partial pressure in 
the CVD chamber during the growth and leads to the complete merging 
of the h-BN domains in a shorter span of time. However, this can be 
achieved by only increasing the flow rate of hydrogen but here we are 
also using a little flow of argon to push the precursor into mainstream 
gas, which can be easily comprehended by the schematic diagram of the 
CVD setup illustrated in Fig. 1(a). The continuous h-BN formation via 
different combinations of hydrogen and argon flow rates has been 
illustrated in Fig. S7 (a–i). In our process, h-BN grows on both surfaces; 
the non-confined surface offers very high nucleation site density and 
formed a continuous layer in few minutes. No individual distinct do-
mains have ever been observed on the non-confined copper surface. In 
addition, we also have studied systematically the effect of different gases 
that purged during the pre-oxidation step such as Ar, and N2, other than 
H2 and Ar + Ar/O2. Comparative results are shown in Fig. S8 (a–d). The 
HA-CVD synthesis results in very small domains having an average size 
of 1–5 μm only. In the presence of Ar and N2, we observe a drastic 
change in the shape and the size of domains as compared with the HA- 
CVD process. We think the shape variation is due to the variation in the 
precursor concentration and/or the substrate temperature that results 
into the stoichiometry modification induced due to H, N, B, C, O being 

absorbed and released by the Cu in different proportions at different 
moment of the process, supported by the earlier studies where sym-
metric hexagonal h-BN crystals were grown, isotropically, at higher 
precursor concentrations and higher heating temperature while at lower 
precursor concentration triangular shapes were formed due to aniso-
tropic growth [67]. Meanwhile the transformation from hexagonal 
crystals into triangular crystals of h-BN has also been found to occur 
when the precursor heating temperature is changed that results into 
decreased precursor flow concentration. In our case HA-CVD growth has 
resulted into the triangular shape while OA-CVD into the hexagonal 
crystals which has been attributed to the increased oxidation (on the Cu 
surface) or the presence of oxidised species that facilitate precursor 
dissociation at lower energy. This results into lower energy barrier for h- 
BN growth where BN radicals further bond to both N and B-terminating 
edges and hence different shapes evolve. Ar annealed CVD (AA-CVD) 
process leads to a domain average size of ~10–15 μm almost similar to 
the results obtained in the presence of the N2 annealed CVD (N-CVD) 
process except for the shape of domains. The comparison of respective 
CVD synthesis protocols is illustrated in Fig. S9 (a–d). We think that the 
change in the size of h-BN domains occurs by the elimination of residual 
organic impurities of copper foils by a thin oxide passivation layer 
formed by the residual oxygen and humidity present in the argon and 
nitrogen feedstock. To further confirm the role of the thin oxide layer, 
we have carried out some experiments with a longer annealing duration 
in the presence of hydrogen followed by the pre-oxidation step [Fig. S10 
(a)]. The longer annealing in hydrogen further decreases the size of the 

Fig. 4. SEM images panel of OA-CVD synthesized h-BN domains on copper foils. (a–i) h-BN domains on 30, 60, and 120 min oxidized copper foils respectively, with 
different hydrogen annealing periods of; (a–c) 0 min. (d–f) 30 min. (g–i) 60 min. 
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h-BN domains. We believe that longer annealing in the presence of 
hydrogen eliminates the passivated copper oxide layer and during the 
growth B-N radicals directly nucleate on the copper surface. The in-
crease in the size may be attributed only to the surface confinement 
effect on a clean copper surface [Fig. 4(a–i)]. Our CVD process results 
into miscellaneous shapes of h-BN domains attributed to the surface 
oxygen and copper vapor effect caused by the surface confinement ef-
fect. Indeed, in the OA-CVD process, heat treatment of the copper sub-
strate is almost double than HA-CVD process, which may introduce the 
doubt about the role of monocrystalline copper grains caused by the 
oxidation and long hightemperature heat treatment as shown by Wu et 
al. They have successfully demonstrated that pre-oxidized copper foils in 
the air turned into a range of single-crystalline copper substrate after 
long annealing of copper foils in the presence of hydrogen [56]. To 
eliminate the doubt we have performed the XRD analysis on the samples 
prepared by the HA-CVD, AA-CVD, NCVD, and OA-CVD process under 
similar conditions without introducing the precursor. In comparing the 
results, we find that the smallest domains prepared by the HA-CVD 
process and the largest domains prepared by the OA-CVD belong to 
the same family of copper orientation, see Fig. 5(a). The major fraction 
of copper crystallinity belongs to the Cu 〈200〉, Cu 〈111〉, and Cu 〈220〉
. It confirms the fact that large area h-BN synthesis does not depend on 
any specific orientation of the underlying copper substrate. Although, 
the non-homogeneity and seamless merging of the synthesized h-BN 
domains depends on the copper surface orientation. The optical micro-
scopy images show that a few copper grains have seamless merging 
while the other grains have inhomogeneity and visible grain boundaries 
[Fig. S10 (b) and 10 (c)]. It gives strong evidence to our hypothesis that 
the good merging of the h-BN domains depends on the copper crystalline 
orientation. Similar work has been reported by Li et al. in which they 
have demonstrated seamless merging is favorable on Cu 〈110〉 while the 
inhomogeneous and irregular h-BN growth takes place on Cu 〈111〉

[57]. The irregularities and non-homogeneity of the h-BN grain 
boundaries can also be caused by uncontrolled cooling rate of the CVD 
furnace. It has been reported earlier in the literature that the h-BN 
synthesis on nickel substrate has high crystallinity when the substrate 
cools down with a controlled cooling rate. Takasaki et al. have also 
demonstrated in their work that a slower cooling on Cu-Ni alloys im-
proves the segregation of carbon and enhances the continuity of the 
multilayer graphene [58]. However, we conclude that the controlled 
cooling rate does not affect the synthesized h-BN layers when copper is 
used as a catalytic substrate [Fig. S11]. This finding validates that 
merging of the h-BN domains, homogeneity, and crystallinity does not 
depend on the cooling rate when copper is used as a catalytic substrate. 
To study further the characteristics of the OA-CVD grown h-BN, the 
samples were transferred on standard silicon substrates covered with a 
300-nm thick silicon dioxide layer. Fig. 5(b) and 5(c) show the optical 
microscopy image and SEM image of non-continuous and continuous h- 
BN, respectively. Fig. 5(d) and 5(e) show the step height measurement 
by AFM at the edges of the h-BN domain. The thickness is estimated 
between 2 and 4 nm, which should correspond to 6–10 layers of the h- 
BN, however, multiple effects such as surface corrugation of the h-BN 
layers, that we will discuss later, presence of PMMA residues, difference 
in electrostatic force between the probe and the h-BN/SiO2, SiO2/h-BN 
gap can falsely increase the thickness of the film. This makes us believe 
that the actual thickness is closer to around 6 layers of h-BN when 
measuring the 2–4 nm. To explain the quality and uniformity of the h-BN 
layers, we characterized our transferred samples by Raman spectros-
copy. The Raman fingerprint of the h-BN layers occurs due to the E2g in- 
plane vibration mode of the boron and nitrogen atoms. The Raman 
signature of the bulk h-BN was found around 1360–1365 cm− 1 that 
shows a blue shift in the spectrum when reduced to a few layers. We 
found that in our transferred h-BN samples the characteristic peak of 
Raman is located between 1369 and 1370 cm− 1 [Fig. 6(a)]. However, 

Fig. 5. Microscopic analysis of OA-CVD synthesized h-BN. (a) XRD patterns of HA-CVD processed and OA-CVD processed copper foils. (b) Optical microscopy images 
showing non-continuous triangular-shaped distinguished h-BN domains. (c) SEM image of continuous h-BN layer transferred on 300 nm SiO2 surface. (d) Step height 
measurement of triangular h-BN domains on 300 nm silicon dioxide surface. (e) AFM height profile of h-BN flake. The scale bars for b, c, and d are 10 μm. 
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our statistical analysis demonstrates the small deviation of ±3 cm− 1 in 
the spectrum location [Fig. 6(b)] that has been carried out individually 
separated domains randomly as shown in Fig. 5(b). The average full 
width and half maxima (FWHM) of the Raman signal is 15.83 cm− 1 with 
a standard deviation of ±2.7 cm− 1. The uniformity of the h-BN layers 
demonstrated by the Raman intensity mapping of the characteristic peak 
(E2g) of h-BN. The Raman mapping is carried out on a continuous h-BN 
region as shown in Fig. 5(c). The Raman heat map of the h-BN charac-
teristic peak is nearly uniform that shows a highly homogenous h-BN 
region on the substrate [Fig. 6(c)]. Our Raman data is quite consistent 
with the previously published reports [36]. Intrinsic chemical properties 
and atomic concentration of OA-CVD synthesized h-BN layers are 
characterized by XPS and Tof-SIMS spectroscopy directly on the copper 
foil to avoid any possible contamination caused by the transfer process. 
Thanks to the XPS analysis, we confirm the binding energy of boron is 
190.77 eV whilst the binding energy of nitrogen is around 398.14 eV 
[Fig. 6(d) and 6(e)] almost similar to the values as previously reported in 
the literature. [25,28] A small satellite peak appears along with boron 
binding energy which is fitted as B2O3. On the other hand, a similar peak 
appeared along with nitrogen that is identified as organic nitrogen (CN). 
We believe that this contamination is involved after the synthesis of the 
sample during mild oxidation of copper substrate to visualize the h-BN 
domains using a microscope. On the other hand, the presence of CN 
species might be due to the attachment of nitrogen to residual carbon of 
copper substrate. Similar traces also have been observed by SIMS anal-
ysis as shown in Fig. S12 (a). SIMS depth profiling shows that h-BN 
formation takes place on the surface and is reduced to thickness with the 
increase in depth [Fig. 6(f)]. XPS’s full elemental survey is illustrated in 
Fig. S12 (d). Moreover, the XPS analysis also confirms that the collective 
N: B ratio is around 1:1.01 ± 0.05. A slightly higher concentration of 
boron is in agreement with the larger solubility of boron in the copper 
foil (see Table S3 and Fig. S2). The quantitative analysis carried by XPS 
shows that the presence of all the impurities is less than 1 %. A detailed 
description of quantitative analysis as atomic concentration is given in 

Table S3. The traces of atmospheric carbon and oxygen have also been 
demonstrated in Fig. S12 (a) and (b). The internal physical properties 
were further studied by PEEM, and μ-ARPES spectroscopies. Similar to 
XPS and Tof-SIMS analysis, the PEEM and μ-ARPES studies also have 
been carried out directly on the copper foils (h-BN/Cu) to avoid the 
charging effects when h-BN is exposed to high-energy photoelectrons. 
The work function (WF) maps were obtained by fitting EF-PEEM images 
close to the WF cut-off edge, using a pixel-by-pixel gradient extrapola-
tion to the background. The WF maps for OA- CVD h-BN sample are 
shown in Fig. 7(a) and 7(b) across a 2-µm area which reveals the ho-
mogeneous layer of h-BN with an average WF of 4.79 eV, indicating the 
formation of metal insulator junction due to h-BN/Cu interaction. 
However, in the case of the HA-CVD sample, the inhomogeneity and 
lower WF of 4.55 eV beckons towards the lower quality of the surface of 
multilayer h-BN caused by smaller domain size. It demonstrates that the 
quality of h-BN increases with the increase in the size of domains. A 
comparison of WF of OA-CVD and HACVD samples is demonstrated in 
Fig. S13 (a–b). The full-wave vector micro angle-resolved photoemission 
spectroscopy (μ-ARPES) of h-BN on Cu substrate for the OA-CVD sample 
at selected binding energy is shown in Fig. 7(c–f). A substantial broad-
ening of the dispersion states in ARPES is observed which can be 
attributed to the surface corrugation. Fig. 7(d) and (e) reveals the band 
dispersion along with the M-Γ-M and K-Γ-K symmetry points of the first 
Brillouin zone of 2D h-BN. The reference image shows the region of 
interest where the ARPES was taken along with the Brillouin zone 
(hexagon). Overall, the μ-ARPES analysis establishes the high quality of 
h-BN in OA-CVD samples. The dispersion states can be seen which in-
dicates conservation of momentum on the surface demonstrating the 
enhanced and better quality of OA-CVD samples than the HA-CVD 
samples where no dispersion of state is observed, as can be seen in 
Fig. S13 (c) and (d). This validates the fact that pre-oxidized copper foils 
certainly increase the intrinsic functional quality of h-BN domains. The 
surface topography of the OA-CVD synthesized h-BN as revealed by 
PEEM (both with and without the contrast aperture) can be seen in Fig. 8 

Fig. 6. The Quality assessment of OA-CVD synthesized h-BN. (a) Raman signature of h-BN transferred on 300 nm silicon dioxide substrate. (b–c) XPS analysis of h-BN 
samples on copper foils. (b) Binding energy of Boron. (c) Binding energy of nitrogen. (d) Tof-SIMS depth profile of OA-CVD synthesized h-BN layers on copper foils. 
(e) Absorption spectra of h-BN layers transferred on quartz slides. 
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(a–k) which shows an important feature of surface corrugation of the h- 
BN layer on the surface of copper in the form of light and dark bands 
across the surface. The surface corrugation has been theoretically 
demonstrated by Mirabedini et al. [64] in which a 2D h-BN layer has 
been seen to form a buckled alignment or corrugation on the surface of 
the diamond substrate to relax the compressive strain imposed by the 
substrate geometry. A similar phenomenon has been seen to occur in the 

case of graphene on Ge [65] and SiC substrates [66]. The effects of these 
corrugations are negligible on the electronic properties of the h-BN 
layer. This corrugation results in the stronger bonding of h-BN to the 
substrate near the locations where the curvature is large due to the 
distortion of orbital hybridization as the sp2 bonds bend in the rippled 
sheet. The domain orientation also has been observed by probing 6-fold 
symmetry in ARPES analyses. We have discovered there is a small 

Fig. 7. Workfunction and ARPES measurement (a–b) PEEM analyses of h-BN layers on copper foil. (a) Reference image. With the region of interest. (b) Work function 
map at low temperature. (c) Reference image with the region of interest with the hexagon indicating the first Brillouin zone of h-BN. (d) ARPES spectra of OA-CVD 
hBN at a low temperature of 34 K, along M-Γ-M valley with the top of the σ1 and σ2 band located at the Γ point and a section of the π band at the top edges, depicted 
by the white and yellow dashed lines, respectively. (e) A small hexagon represents the location of M, Γ, and K valleys in momentum space. (f) First Brillion zone for h- 
BN layer along K-Γ-K valley. The white and yellow dashed curves depict the dispersions of the σ and π band, respectively. The overall energy resolution of the image is 
40 meV. 
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mismatch of 10-15◦ between the domains that could be attributed to the 
polycrystalline nature of the copper substrate [Fig. S14]. 

4. Conclusion 

In conclusion, we have illustrated that the oxygen-activated CVD 
process dramatically increases the size of h-BN domains. An integrated 
strategy of surface confinement together with the pre-oxidized copper 
foil with a controlled flow of oxygen in the CVD chamber enhances the 
domain size from a few microns to ~180 μm. These large area domains 
merge and form centimeter-sized crystals of multilayer h-BN. It is 
demonstrated that these large area h-BN domains do not originate due to 
any specific crystal orientation of the copper substrate. Further 
annealing in the presence of hydrogen diminishes the passive oxide 
layer, hence resulting in smaller h-BN domains. Raman and μ-ARPES 
analysis exhibit that the synthesized h-BN is of high quality having a 
mean work-function of about 4.79 eV. The oxygenated inert environ-
ment produced by Ar + Ar/O2 along with the surface confinement, 
hence pave a simple pathway to grow large-scale h-BN layers with high 
reproducibility. 
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