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Abstract  

  

sp2-hybridized boron nitride is identified as a strategic material for many purposes related to the 

integration of graphene and 2D materials in devices and the fabrication of van der Waals heterostructures. 

Thus, it becomes mandatory to have scalable synthesis and characterization procedures for providing suitable 

and reliable boron nitride material according to these identified needs. We report here on the growth of sp2-

hybridized boron nitride film on polycrystalline nickel substrate by chemical vapor deposition with borazine 

as precursor. We propose a complete study of the influence of the underlying nickel grain orientation on the 

BN structure layers, in terms of thickness, crystallographic orientation, domain size and stacking.  We show 

the heteroepitaxial growth of continuous, single crystalline hexagonal boron nitride multilayer film on nickel 

(111) -like grains. We highlight its ABC stacking sequence with AB stacking faults and show how it impacts 

the Raman and cathodoluminescence spectra. 

  



1. Introduction  

 

After the discovery of graphene in 2004, and its consequences in the field of nanoscience and 

nanomaterials, there has been a growing interest in the integration of 2D materials in devices based on van 

der Waals (vdW) heterostructures [1,2]. sp2-hybridized boron nitride (sp2-BN) has been identified as one of 

these strategic materials. It is the graphene counterpart, with its B and N atoms arranged in honeycomb 

lattice which can crystallize into two different polymorphs [3]: hexagonal phase (AA’ stacking sequence - 

space group: P63/mmc) or rhombohedral phase (ABC stacking sequence - space group: R3m). Due to its 

specific properties - large bandgap (> 6 eV), atomic flatness, free from dangling bonds, chemical inertness, 

low dielectric screening and small lattice mismatch with graphene (1,8%) [1], sp2-BN has emerged in the 

recent years as an ideal material as it can fulfill different functions in vdW heterostructures-based devices: 

capping layers to provide clean encapsulation environment [4] and enhancing physical properties such as 

luminescence properties of Transition Metal DiChalcogenides (TMDC) [5], supporting insulating materials 

to preserve electronic properties of graphene [6,7] or dielectric inter-layer in vertical electronic devices [8]. 

The performances and the properties of these devices can be directly impacted by the structural 

characteristics and the quality (roughness, thickness, size domain, stacking sequence, level and nature of the 

impurities, stacking fault density or crystallinity at the macro- and nanoscale) of the BN film [9]. Therefore it 

is highly desirable to be able to precisely control and identify all these features via the synthesis conditions 

and appropriate characterization techniques, respectively. Throughout the literature, the added value of using 

BN layers and films on the performances of graphene and other 2D materials is demonstrated with exfoliated 

flakes from bulk BN crystals. These AA’-stacked BN sources, obtained by high pressure-high temperature 

(HPHT) process [10,11] or by polymer-derived-ceramic (PDC) routes [12] offer the decisive advantage to be 

single crystalline, atomically flat and to contain a very low level of defects and impurities [9]. However, 

using these bulk sources implies to operate a mechanical or liquid phase exfoliation process [13,14] which is 

source of several limitations, the main of which being the limited lateral size of extracted exfoliated flakes 

partly due to the process itself and partly due to the small size of the available bulk crystals, the lack of 



control of the number of layers and the structural and chemical degradation which may be induced by the 

process.  

 

Therefore, it is mandatory but still a great challenge to have suitable and reliable synthesis procedure 

able to produce wafer-scale sp2-BN layers and substrates. Indeed sp2-BN is not a natural material in contrast 

to its graphite counterpart and the HPHT process is, to date, the most reliable route to millimeter size single 

crystals. Chemical Vapor Deposition (CVD) on a metallic substrate is a very promising and versatile 

synthesis route. Several methods including CVD under ultra-high vacuum on single crystalline transition 

metal [15] and also CVD on polycrystalline foils have been reported to achieve large scale BN monolayers 

up to 0.5 mm [16–20]. However the growth of flat BN multilayer with thickness ranging from a few to a few 

tens of nanometers is highly demanded to be used as substrate or capping layers. Many combinations of 

polycrystalline substrates (Cu, Ni, Pt…), precursors (borazine, ammonia borane…), pressure and 

temperature have been explored and different strategies have been worked out to control the structure and the 

quality of the BN film and to understand the growth mechanism. Polycrystalline copper substrates in general 

lead to multilayered BN films with variable roughness and a turbostratic character of the stacking whatever 

the thickness [21–23]. Even the quality and the structure of the BN film grown on polycrystalline copper is 

quite different from that of the exfoliated bulk BN single crystal, early work on "all-CVD" devices with this 

type of materials show promising results [24–26]. 

 

More promising is the use of iron and nickel substrates for the growth. Large areas of higher quality 

multilayer BN films can be grown on polycrystalline Fe substrates, provided to operate a slow cooling rate, 

following the exposure to boron and nitrogen precursors in a high temperature stage [27]. This process is 

made possible by the ability of Fe to solubilize B and N at high temperature. As a result, the growth proceeds 

by diffusion of B and N in Fe film at high temperature; then they segregate at the surface during the cooling 

to let BN domains nucleate and grow. This precipitation-driven growth during cooling can be controlled and 

limited to a monolayer by the saturation of the Fe substrate with nitrogen via NH3 exposure prior to the 

growth step [28].  



 

Particular attention has been paid to the synthesis on nickel substrates, due to their ability to catalyze 

the synthesis of well crystallized mono-, few- and multilayer BN [21,29]. According to the solubility of B 

and N in Ni, growth of BN layers is proposed to follow a similar precipitation-driven process during cooling 

as on Fe [30]. Further, the film thickness can be limited to one or two layers with a lateral domain size up to 

100µm via the formation of an intermediate boron oxide phase then reduced by carbon on the interior surface 

of a nickel enclosure, inhibiting the diffusion of B and N atoms into the bulk [31]. Interestingly, several 

groups have investigated the influence of the underlying nickel grain orientation on the BN growth in terms 

of kinetics, coverage and thickness, but with contradictory results. Lee et al. highlight different growth 

kinetics with respect to the nickel crystalline orientations leading to different thicknesses and morphologies 

of the BN film, i.e. no growth on Ni (111), low growth rate / thin-discontinuous film on Ni (101) and faster 

growth / flat- thick layered structure on Ni (100) [32].  Cho et al. [33] observe an increase of the growth rate 

on (111), (100) and (101) orientations in that order, attributed to the differences of their surface energy and 

sticking coefficient of the boron, nitrogen and hydrogen atoms. In a more recent study, (110) nickel faces 

were also observed to provide the highest growth rate, but followed by (111) and (100) faces [34]. The 

authors attribute these differences to the dependence of the surface and bulk diffusion of B and N atoms on 

the nickel orientation which affects the diffusion/precipitation and the layer-by-layer growth.  

 

Here, we focus on the growth of multi-layered films on polycrystalline Ni foils and thoroughly 

investigate the influence of the nickel grain crystalline orientation on the BN film structure and quality, in 

terms of thickness, crystallographic orientation, domain size and stacking sequence. To that aim, we have 

combined a panel of characterization techniques: Scanning Electron Microscopy- Electron Backscatter 

Diffraction (SEM-EBSD) mapping, Raman spectroscopy measurements, High-Resolution Transmission 

Electron Microscopy (HRTEM) imaging, Scanning TEM - High Angle Annular Dark Field (STEM-

HAADF) imaging, electron diffraction and cathodoluminescence. In such a way, we show that, under our 

growth conditions, different growth modes occur leading to nanocrystalline BN films on Ni (001)-like grains 

but heteroepitaxial growth on Ni (111)-like grains, with a domain size as large as the underlying nickel grain. 



We highlight the ABC stacking sequence of the multilayer BN film with AB stacking fault and we show how 

it impacts the Raman and cathodoluminescence spectra.  

 

 

2. Methods 
 

2.1. CVD growth of boron nitride on polycrystalline nickel 

 

 The CVD growth of multilayer BN film was carried out in a homemade hot-wall reactor, consisting 

of a 7-inch chamber with induction heating.  The gases flow through the reactor from the bottom alongside 

the metallic substrate. Hydrogen (Air Liquide, 99.9999%) is used as a carrier gas for the BN precursor, 

borazine (B3N3H6, Katchem, > 98%). The flow rate is easily controlled by a system of mass flow controllers. 

To lower the vapor pressure and thus avoid gas flash in the CVD chamber, borazine is maintained at 0°C 

with a chiller. A cold trap was installed to prevent the damage of the scroll pump with borazine.  

 

Polycrystalline nickel foils (Goodfellow, 25 µm thick, 99.999%) are used as a substrate for the CVD 

growth. In a typical process, the substrate is placed in the CVD reactor pumped-down to low pressure (10-3 

mbar). Then the furnace is ramped up to 600°C under vacuum, without gas flow. A pre-annealing step of the 

Ni foil takes place under these conditions for 90 minutes. Then the chamber is cooled down to room 

temperature. The pumping and heating steps are reiterated, up to 600°C without gas, then up to 1000°C 

under 50 sccm of hydrogen, temperature at which the nickel foil is annealed for 30 minutes, under 50 sccm 

of hydrogen and a regulated pressure of 0.3 mbar. Then, 2.5 sccm of borazine is introduced in the reaction 

chamber at 1000°C, under 50 sccm of hydrogen, at a regulated pressure of 0.3 mbar during 20 minutes. 

Finally, the chamber is cooled down to room temperature, at a rate of 13°C/minutes, under hydrogen 

atmosphere until 450°C.  

  



2.2. TEM sample preparation 

 

 
The BN films were first characterized in their native state and then transferred onto TEM grid (SPI - 

Au Quantifoil - 1.2 µm holey amorphous carbon film) via a polymer-free transfer technique [35]. The 

multilayer nature of the as-grown BN allows us to transfer without any holder. The nickel foil was etched 

with a commercial solution (TFB Nickel Etchant, Transene) for several hours. The BN film floating at the 

surface was rinsed with deionized water and fished with the TEM grid. Finally the BN/TEM grid substrate 

was slowly heated up to 120°C to remove excess of water. 

 

60 nm-thick TEM lamellas were prepared on a FEI Helios 660 dual-beam microscope combining a 

field emission gun (FEG) scanning electron microscope (SEM) with an advanced focused ion beam (FIB) 

column operating at 30 kV. We followed a two platinum deposition steps to avoid amorphization of the BN 

film. A first deposit is obtained using the electron beam to crack the Pt precursor and the second one using 

the ion beam to achieve the desired Pt thickness [36].  

 

2.3. Characterization  

 

SEM imaging and EBSD mapping were performed on the FEI Helios 660 dual-beam microscope 

equipped with a EDAX Hikari XP EBSD camera at 2 kV and 20 kV respectively. EBSD acquisition has been 

performed with EDAX-TEAM software. 

 

Micro-Raman measurements were performed at room temperature with a Renishaw Invia 

spectrometer with a 473 nm Co laser source, with a 100X objective, a 1200 lines/mm grating, a power level 

below 1 mW. 

 

Samples transferred on holey carbon TEM grids or prepared by FIB thinning were examined in a 

Zeiss Libra 200 MC equipped with an electrostatic CEOS monochromator, an in-column Ω filter and a Gatan 

ultrascan 1000 CCD camera. The microscope was operated at 40kV for EELS to reduce beam damage on 

thin films and increase the performances of the monochromator. As a result, the energy resolution, measured 



at the full width at half maximum of the elastic peak, is below 150 meV. The measurement of the film 

thickness is extracted from the contrast profile of images recorded in the STEM-HAADF mode at 80 keV, 

using a contrast calibration performed with BN samples with known thicknesses so as to get the thickness 

directly from the intensity of the scattered signal. The stacking sequence on FIB lamellae has been 

determined using the High Resolution phase contrast imaging mode (HRTEM) at 200 keV providing a 

resolution limit below 150 pm.  

 

Gatan Digital Micrograph 2 software was used for acquisition and analysis of HRTEM images 

treatment. Electron diffraction simulations were obtained using SingleCrystal software and schematic 

illustrations of the stacking sequence were obtained using Crystal Maker software. 

 

Cathodoluminescence (CL) spectra were acquired with a JEOL7001F field emission gun scanning 

electron microscope coupled to an achromatic Horiba Jobin-Yvon spectrometer as described by Schué et al. 

[37] The sample was mounted on a Gatan cooling stage allowing for a CL analysis at liquid helium 

temperature, the sample holder being at 5K. CL spectra were recorded from BN films transferred on a TEM 

grid, in scanning mode at 80k magnification using a (5 kV, 1 nA) incident electron beam.   

 

3. Results and discussion 

 
 

3.1. Boron nitride morphologies versus nickel grain orientation 

 

 
As mentioned in the experimental section, the synthesis of multilayer BN film follows a 

typical CVD sequence, including heating/annealing/growth and cooling down steps. The pre-

annealing step at 600°C aims at removing some of the carbon species on the nickel substrate [38] ([C] 

> 30 ppm in 99.999% Ni) that could create a contamination of the BN film during its synthesis. The 

annealing stage at 1000°C under hydrogen atmosphere promotes the enlargement of the nickel grain 

size and the reconstruction of the surface morphology [39] while removing the native oxide layer [40]. 

Then the substrate is exposed to the borazine, which presents an ideal isostœchiometry and thus does 



not introduce any by-product during its decomposition unlike ammonia-borane [16,41]. The furnace is 

then cooled down slowly to room temperature.  

 

SEM images of the sample are taken to get a first insight of the BN growth morphology. 

Figure 1a shows the nickel substrate after BN growth revealing two different surface aspects, one 

striated and another much rougher. This observation suggests a significant role of the underlying 

nickel grain orientation on the BN growth mode, as already observed by Lee et al.[42]. EBSD was 

performed to clarify this point. Figure 1b shows the EBSD mapping corresponding to the SEM image, 

with the crystalline orientation color scale in inset. As the BN film is very thin (< 20 nm), its signal 

cannot be detected by standard EBSD technique. The observed signal is that of the nickel substrate. A 

random and high roughness is observed on surfaces close to the (100) orientation (in red). On the 

contrary (111)-like grains (in blue) present a flatter morphology marked by parallel striations. They 

are related to the formation of step bunches at the nickel surface (Figure SI1) during the heating of the 

substrate prior to the growth [39]. 

 

To achieve further information on the correlation between the structure of the film and the 

underlying Ni grain, the film was transferred from the nickel foil onto a TEM grid via the direct 

technique described in the experimental section. A low magnification TEM image (Figure SI2) shows 

an example of a large area transfer, over the whole TEM grid. TEM image at higher magnification 

(Figure 1c) reveals a continuous film consisting in a pattern of areas, with different contrasts. This is 

characteristic of variations in the BN film thickness, which is a footprint imprint of the Ni grain 

microstructure on which the film has grown. Consistently with SEM analyses, we clearly identify two 

kinds of morphologies depicted in Figure 1d, one assigned as ‘flat’, characterized by parallel striations 

consecutive to a growth on Ni (111) surfaces and the second one assigned as ‘rough’ resulting from a 

growth on Ni (001) surfaces. These two kinds of morphologies are analyzed in details in the next 

sections. 

 



 

Figure 1 : SEM image (a) with (b) EBSD related orientation map (with a 70° tilt angle) of the nickel 

foil after the exposition to borazine at 1000°C. In inset, the color scale for the crystalline orientation 

of the sample surface: low index surfaces are plotted in red for (100), blue for (111) and green for 

(101), while intermediate colors correspond to vicinal surfaces. (c) TEM image showing the print of 

the nickel grain boundaries in the BN film. (d) Higher magnification TEM image showing rough (left) 

and flat (right) BN morphologies. Hole pattern comes from the underlying carbon skin of the TEM 

grid. 

 

3.3. Multilayer boron nitride on nickel (001)-like grains 
 

STEM-HAADF imaging and electron diffraction are performed on BN transferred on the 

TEM grid. Low magnification STEM-HAADF images (Figure 2a), sensitive to the thickness, reveal 

that the film grown on Ni(001)–like grains consist of an agglomerate of islands with an appearance of 



cotton flowers. Average lateral size of the islands is around 0.6 µm. The thickness variation within the 

islands - depicted by a square in Figure 2a - is measured by the STEM-HAADF technique (see details 

in Characterization part) and is presented in Figure 2b. This thickness mapping highlights significant 

variations from 0 to 10 nm within an island and a discontinuity between the islands. This discontinuity 

is clearly shown in the magnified image of Figure 2c of a junction between three islands. Selected 

Area Electron Diffraction (SAED) patterns were recorded in three neighboring islands circled in 

Figure 2c. Each island produces a six-fold symmetry pattern corresponding to a single BN domain in 

basal orientation (Figure 2d, e and f). The rotation between patterns indicates a lack of orientational 

coherence between the islands. We conclude that boron nitride films grown on (100) -like grains are 

polycrystalline with sub-micrometer grain sizes, randomly oriented and disconnected each other. They 

are clearly not appropriate for a use as either a substrate either a capping protective medium as sought. 

 

Figure 2 :  Polycrystalline BN film grown on Ni (001) by CVD ; (a) Low-magnification STEM-

HAADF image (b) STEM-HAADF image of the area delimited by the black line square, superimposed 

with a mapping drown in contour lines of the thickness. (c) TEM image at a three islands junction. 

The circled numbers 1, 2 and 3 indicate the location where the SAED patterns (d), (e) and (f) were 



recorded, respectively. The random orientation of islands (rotations in red in the SAED patterns) 

evidences the polycrystalline character of the BN film. 

 

3.4. Multilayer boron nitride on nickel (111) -like grains 

    3.4.1. BN film / Ni (111) interface and stacking sequence determination 

 
In order to achieve information on the BN film on the Ni (111)-like grains, we prepared a 

TEM cross-section by FIB of a (111) nickel grain previously identified by SEM-EBSD. Figure 3a 

presents a high magnification HRTEM image of the cross-section. As specified in the experimental 

section, the top platinum layers have been deposited in order to protect the BN film and preserve its 

integrity during the milling process by FIB. We first checked the underlying Ni grain surface is (111) 

as expected from EBSD analysis. Second the BN film is conform to the underneath nickel like grain, 

with a flat and sharp interface. The BN film is continuous and consists of a regular stack of layers 

through the entire thickness, with an interlayer distance of 0.33nm, as expected for sp2-hybridized BN.  

 

The edge-on view also provides a direct visualization of the stacking sequence in sp2-

hybridized BN film. The high magnification TEM images are filtered and compared to simulated TEM 

images and atomic potential superimposed with Crystal Maker simulation for a better clarity. The 

positions of white dots are related to the position of a boron-nitrogen pair of atomic columns that 

cannot be distinguished each other with respect to our resolution. Despite this lack of resolution, a 

proper identification of the stacking arrangement of the BN layers can be addressed. We could identify 

two different configurations. Depending on the regions, each layer n is equivalent either to the n+3 

layer (Figure 3b) or to the n+2 layer (Figure 3c). These periodicities are characteristic of the ABC 

and AB stacking sequences respectively. A statistical analysis made over all HRTEM images indicates 

that the BN stacking sequence is more likely to be of AB type rather than ABC type. .  

 



As mentioned in the introduction, according to the BN phase diagram [43], the rhombohedral 

phase, corresponding to the ABC stacking sequence, is one of the two stable sp2 BN phases at 

atmospheric pressure. Experimentally, both ABC and AA’ (hBN) stacking sequence have been 

obtained under standard or low pressure growth conditions [44,45]. According to Sato et al. “the factor 

determining the relative amounts […] of these phases in synthetic products will not be the PT [i.e. 

pressure and temperature] condition but the growth mechanism” [46] and recent calculations of 

Pedersen et al. suggest that the change in BN polytype depends on lattice-mismatch-induced stress 

relaxation [47]. In our case, the epitaxial relationship of BN on Ni(111) tends to favor the ABC 

stacking by a mechanism which remains to be elucidated.  

AB stacking sequence is not a phase but rather a stacking fault of the rhombohedral phase. The 

presence of these stacking faults in large amount in our BN film can be related to the irregular nickel 

surface. Indeed, the aforementioned (111) grains are stepped (111) surfaces at the nickel grain 

microscale (See SEM image Figure 1 and Figure SI1). The nickel terraces can thus induce stress in the 

BN film and be at the origin of the observed AB stacking faults in ABC-stacked boron nitride film.  

 

 



Figure 3: (a) HRTEM image of the hBN lamellae in edge view configuration evidencing the multilayer 

stacking and the regularity of the sp2-BN film along the entire thickness and surface.  High 

magnification filtered TEM images, simulated TEM images and atomic potential superimposed with 

Crystal Maker simulation of (b) ABC and (c) AB stacking sequence 

 
    3.4.2. Orientation relationship between the BN film and the nickel (111) substrate 

 
In order to evaluate whether an orientation relationship exists between the boron nitride film 

and nickel (111) grain, we have examined selected area electron diffraction (SAED) and fast Fourier 

transform (FFT) from HRTEM images recorded in in-plane and cross-section TEM samples. The 

lattice parameters of BN with an AB stacking sequence are used for the indexation:  a= 2.5 Å, c= 6.66 

Å (space group: P-6m2). The lattice parameter of nickel used for the indexation is a=3.5 Å (space 

group: Fm-3m).  

  

Figure 4a presents a plane-view TEM image showing a flat and continuous BN film identified 

as grown on Ni (111). Selected-area electron diffraction (SAED) patterns (Figure 4b, c and d), 

recorded at three different locations (Figure 4a) show the six-fold symmetry pattern characteristic of 

sp2-boron nitride in basal orientation and indexed in the hexagonal unit cell, indicating that the BN 

atomic planes are stacked parallel to the Ni (111) surface. In contrast to BN areas grown on nickel 

(001) orientation, no rotation between the three diffraction patterns is observed, attesting the presence 

of a single orientation of the BN domain over the entire nickel (111) -like grain. This suggests an 

epitaxial relationship between the boron nitride layer and the Ni (111) surface. Such behavior is likely 

to occur indeed given the small lattice mismatch of 0.5% between sp2-BN (00.1) and nickel (111) 

(lattice constants of 2.50 Å and 2.49 Å, respectively) [48]. The presence of (10-10) diffraction spots 

located at 4.65 nm-1, corresponding to a 2.16 Å inter-reticular distance, confirms the presence of AB 

stacking faults since ABC stacking sequence (rBN) generates diffraction extinction for these distances 

[9].   

 



 

Figure 4 :  (a) in-plane TEM image of a flat BN grain. White circles indicate the location in the boron 

nitride grain grown on (111) Ni surface where SAED patterns were recorded, (b), (c) and (d) 

respectively. The lack of rotation evidences the monocrystalline character of the BN layer.  

In order to determine the complete orientation relationship between the substrate and the BN 

film, we examined FFT patterns of HRTEM images (Figure 5a) recorded on Ni grain (Figure 5b) and 

on BN layers (Figure 5c) in the cross-sections cut by FIB. Indexation of the patterns and of the 

corresponding zone axes is supported by electron diffraction simulation (Figure 5d and f) using 

SingleCrystal software. According to these simulations, we identify that the [01̅10]  zone axis of the 

BN film is parallel to the [11̅0] zone axis of the nickel substrate and that [111] direction of nickel is 

parallel to the [0001] direction of the hexagonal BN layers. We can therefore conclude that the epitaxy 

relationship between BN and nickel can be defined as: 

 

[111]𝑁𝑖  || [0001]𝐵𝑁 

[11̅0]𝑁𝑖  || [01̅10]𝐵𝑁 

 

 

 

 



 

Figure 5 :  HRTEM analysis of the BN/ Ni(111) interface: (a) HRTEM image, (b) and (c) are FFT of 

the BN and nickel part, respectively. Electron diffraction simulation of AB-stacked BN (d) and Ni (e) 

in [0-110] and [1-10] zone axis respectively.  

    3.4.3.   Raman and cathodoluminescence spectra of multilayer BN film on Ni(111) 

 

 
Raman spectroscopy has been used to probe the BN film at a macroscopic scale. We 

performed a series of ten measurements directly on the as grown BN film on nickel (111) -like grain. 

The typical Raman spectrum (Figure 6a) exhibits two peaks. The most intense one is detected between 

1370.0 and 1371.5 cm-1 with a full width half maximum (FWHM) ranging from 37 to 42 cm-1. This 

peak is well documented in the literature and corresponds to the in-plane vibration mode (E2g) in sp2-

hybridized BN whatever the stacking sequence [49–51]. These FWHM values are coherent with the 

values given in the literature for bulk or CVD rBN, i.e. 30 cm-1 [52,53] and 40 cm-1 [50] . The exact 

origin of the broadening of the E2g peak is, up to now, unknown. As for hBN, it can be correlated to 

defects (such as the large quantity of AB stacking faults) or strain in the BN film  [54,55].  

The lower frequency peak, 804-810 cm-1, corresponds to the out-of-plane, interlayer breathing 

mode (A1), not visible for the AA’ and AB stacking sequence [49,56]  but Raman active for the ABC 

stacking sequence [46,50,51]. Special consideration should be taken in the attribution of this peak 



whose position also corresponds to B2O3 signal [57]. In our case, the EELS characterization (presented 

in the Figure SI3) has excluded the presence of any oxide in the as-grown BN layers. The signal is 

then attributed to the fraction of rhombohedral structure previously identified by HRTEM imaging. 

The FWHM of the peak range between 25 and 45 cm-1 consistently with the only experimental value 

available in the literature at 790 cm-1 with a FWHM of 35 cm-1 for rBN crystallites [50].  

The BN films grown on nickel (111)-like grain were also investigated by 

cathodoluminescence at low temperature (5K) after being transferred on a holey carbon TEM grid. 

The CL spectrum, shown on Figure 6b, is dominated by a peak close to 230 nm (5.4 eV) in the near 

band edge region, relatively broad (FWHM = 170 meV) compared to the AA’-hBN intrinsic 

luminescence lines (FWHM=5 meV) in reference hBN single crystals [9]. Emissions in this range 

have been reported for turbostratic BN [58] or multi-walled BN nanotubes [59,60], but also for rBN 

nanoplates [61] attributed, so far to excitons bounded on structural defects or impurities. It is probably 

also the case here, but the detailed TEM analysis further points the 230 nm luminescence signal as 

related to the AB stacking in boron nitride.  

 

Figure 6:  (a) Typical Raman spectrum recorded on BN film grown on Ni (111) showing both the in–

plane vibration mode (E2g) at 1370 cm-1 and the layer breathing mode (A1) at 808 cm-1. (e) 

Cathodoluminescence spectrum at T=5 K recorded on the suspended BN/Ni (111) epilayer, as shown 

with the SEM image in inset. 



4. Conclusion 
 

To summarize, we present a complete study of the influence of the nickel orientation on the 

BN quality and structural characteristic grown by chemical vapor deposition. Under our conditions, 

the growth on nickel (001)-like surface leads to polycrystalline BN film with sub-micrometer grain 

sizes, randomly oriented. The multilayer sp2-hybridized BN film obtained on the nickel (111)-like 

surface are single crystalline and continuous. The BN film is conformal to the underneath nickel grain, 

with a flat and sharp interface and we highlight its heteroepitaxial growth by a mechanism which 

remains to understand. We show that the regular stack of layers follows an ABC stacking sequence, 

characteristic of the rhombohedral phase, with AB stacking faults. Finally, we identify the rBN phase 

on the Raman spectra, with the peak characteristic of the interlayer-breathing-mode (A1 mode around 

800 cm-1), theoretically predicted to be Raman active for other stacking sequences than AA’. This 

detailed analysis provides insights and guidelines for further optimization of the synthesis conditions 

to planar and single crystalline multilayer BN film on nickel (111) monocrystalline substrate, with the 

quality required for the integration in devices as top or bottom layer. 
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Figure SI1: HRTEM image in edge view configuration of the BN film on Ni(111) surfaces illustrating  

the presence of step bunches on the nickel . The BN film is conform to its underneath substrate. 
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Figure SI2: Low magnification TEM image illustrating the large transfer of the BN film over the 

whole TEM grid 

 

 

Figure SI3: (a) Typical EELS spectra recording on the boron nitride film showing the B, C, N, O-K 

edge and Ni-L edge (e) EELS spectra at the B-K edge * region 

 



Electron Energy Loss Spectroscopy (EELS) was used to control the chemical composition of 

the BN film. The spectra were recorded at 40 kV to avoid the formation of defects in BN under 

electron-beam irradiation [1]. Figure SI3 shows a typical EELS spectrum in the range of 185 to 910 

eV. No carbon (280 eV), oxygen (532 eV) K-edges or nickel L-edges (855 eV) appear, indicating the 

absence of important contamination. The positions of the main feature at boron and nitrogen K-edges 

(starting at 190.8 and 399.2 eV, respectively) are coherent with the theoretical and experimental values 

described in the literature for sp2-hybridized BN [2,3]. At the B K-edge, the presence of the sharp first 

peak, corresponding to the transition of 1s electron to the empty * antibonding orbitals, confirms the 

sp2 hybridization [2,4] and the planar bonding. Furthermore, in the * region (Figure 2e), we do not 

observe the presence of additional features relative to the presence of oxygen impurities in substitution 

of nitrogen atoms in defective BN film [5,6]. As a conclusion, the sp2 hybridization in layered boron 

nitride films has been established. The purity of the films is better than the chemical sensitivity of 

EELS (1 %). 

 

Figure SI4: (a) Typical Raman spectrum recorded on BN film grown on Ni (001) showing both the in–

plane vibration mode (E2g) at 1370 cm-1 and the layer breathing mode (A1) at 808 cm-1. 
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