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Abstract:

2D boron nitride (2D-BN) was synthesized by gas-source molecular beam epitaxy on
polycrystalline and monocrystalline Ni substrates using gaseous borazine and active nitrogen
generated by a remote plasma source. The excess of nitrogen atoms allows to overcome the
thickness self-limitation active on Ni when using borazine alone. The nucleation density and
the shape of the 2D-BN domains are clearly related to the Ni substrate preparation and to the
growth parameters. Based on spatially-resolved photoemission spectroscopy and on the
detection of the i plasmon peak, we discuss the origin of the N1s and Bls components and
their relationship with an electronic coupling at the interface. After optimization of the
growth parameters, a full 2D-BN coverage is obtained, although the material thickness is not
evenly distributed. The 2D-BN presents a granular structure on (111) oriented Ni grains,
showing a rather poor cristallographic quality. On the contrary, high quality 2D-BN is found on
(101) and (001) Ni grains, where triangular islands are observed whose lateral size is limited to
~20 um.



1. Introduction:

Among the two-dimensional materials, graphene occupies a remarkable position with its
exceptional electronic properties, including an electron mobility that can exceed 10° cm?/V.s
[1]. However, exploiting these properties in devices remains a challenge. Indeed, due to its
monolayer thickness, the properties of graphene depend strongly on the substrate on which
it is deposited. Many studies have recently shown that hexagonal boron nitride (hBN) is a
suitable material for preserving the electronic properties of graphene. With a lattice
mismatch of 1.6% [2, 3], van der Waals inter-planar bonds [4], a wide band gap of ~6.25 eV
[5], hBN has proven to be an ideal layer for support and encapsulation of graphene [6].
Hence, hBN would be a way to passivate graphene and take advantage of its exceptional
electronic properties.

Despite advances in hBN growth techniques, current research is facing two major
challenges: the growth of large scale hBN with a thickness control efficient down to the
monolayer and the fabrication of graphene/hBN heterostructures. Compared to graphene
where the growth of a monolayer can occur by a purely surface mechanism due to the low
solubility of carbon in the substrate [6], the growth processes of 2D-BN are more complex. A
balance of two elements, B and N, is required to form hBN. The stoichiometry is expected to
be ensured by the use of molecules such as borazine (BsN3Hg) for which the B/N ratio is 1, as
is the case for hBN. This gaseous precursor was used on many metallic substrates, for
example Ni, Rh, Pt [7-9] in ultra-high-vacuum (UHV) environment. Because the fragmentation
of the borazine molecules is catalysed by the metallic nature of the substrate, the growth is
often limited to one hBN layer [7]. Other studies used different precursors for B and N, which
made it possible to overcome this thickness limitation. For example, elemental boron was
combined with N, activated in a plasma cell [10-12]. Alternative sources were used, such as
B,O3 powder [13] or a combination of NH3 and B,Hg gases [14]. Only one study recently
reported the growth of hBN from a combination of borazine and N, activated in a plasma cell
[15]. Multilayers could be obtained on epitaxial graphene on SiC, although the high pressures
used (~107 Torr) could result in a rather poor control of the hBN thickness for few monolayer
thick films.

In this article, we study the effect of an excess of nitrogen in the incoming flux on the
growth of BN on Ni under UHV conditions. The precursors were borazine associated to active
nitrogen generated by a plasma source, a configuration rather similar to the one used in Ref.
15 although at lower working pressures in our case. The growth parameters (temperature,
duration, precursor flux ratio) have been optimized and the effect of the Ni grain orientation
has been highlighted. The influence of the Ni orientation on the growth and the structure of
hBN domains was already explored by different groups, with a particular emphasis on the hBN
growth rate [16-18], by low-pressure chemical vapor deposition. Using ammonia-borane at 10
Torr, the growth was found faster on (001) oriented surfaces while no hBN could be detected
on (111) grains [16]. This conclusion was partially confirmed in Ref. 17, who observed that the
thickest hBN was obtained on (101) or (001) orientations, although they also found thinner
BN on (111) surfaces, using a borazine/hydrogen mixture at ~6 mTorr. This result was
attributed to the surface energy of Ni grains decreasing in the same order (101), (001) and
(111) [19]. On the other hand, the highest growth rate was observed on (101), followed by
(111) and then (001) surfaces, also using poly-crystalline Ni substrates but with ammonia and

2



diborane precursors at ~0.7 Torr [18]. This effect was attributed to the orientation-dependent
rates of segregation and diffusion of boron and nitrogen. Clearly, the importance of the
crystalline orientation of Ni is not yet well understood and may depend on the growth
techniques, e.g. on the working pressure or the precursors used. The criteria used to assess
the quality of a material must also be selected with care. The comparison of the main hBN Ejg
Raman peak intensity used in the previously mentioned articles may not be the most suitable
way to compare the quality of the synthetized hBN, since it also depends on its thickness [20].
Furthermore, in the case of hBN on Ni, a strong hybridization occurs at the interface between
the Ni 3d and BN mt states, making the hBN monolayer to behave as a metal [21, 22]. The lack
of detection of the hBN main Raman peak may be due to this strong bonding [23], thus
leading to an erroneous conclusion about the absence/presence of hBN. It must be finally
mentioned that another 2-dimensional BN structure than hBN is possible, involving a
rhombohedral stacking (rBN) [24]. Both are based on the same elementary brick, the
hexagonal BN plane, and only differ by the stacking of the BN layers on top of each other. The
stacking is ABC for rBN and AA' for hBN. They present very similar characteristics, e.g. an
identical B/N composition ratio, a main Raman E,g peak at ~1370 cm™. Both have a large band
gap around ~6 eV [25] and are not easily identifiable. So, we are using the generic term 2D-BN
for the 2D material BN grown in this study, since its exact stacking is not yet determined.

2. Experimental methods:

All growth experiments were carried out in a commercial Riber molecular beam epitaxy
(MBE) chamber under UHV conditions. The growth temperature was set between 700 and
980°C. All details about the borazine set-up can be found in a previous article [23]. Most
important for this study, the borazine flux is controlled by a regulating pressure system
located between the borazine cylinder and a calibrated 0.25 mm diameter hole. For a
regulation set at Pyorazine = 0.1 or 1 Torr, the pressure in the growth chamber is 3.5x10°% or
4.5x10” Torr respectively. The activated nitrogen was generated by a Riber radio-frequency
valve plasma cell (VRF-N-600), working in the 450-540 W power range. When combining
borazine with activated nitrogen, the measured pressure increases up to ~10° Torr. The high
purity nitrogen (99.9999%) flux is regulated by a 10 sccm mass flow controller, with a N, flow
set between 0.5 and 1.5 sccm. The light intensity emitted by the nitrogen plasma Vy; is
measured (in volts) by an optical sensor sensitive in the 750-850 nm wavelength range,
corresponding mainly to atomic nitrogen [26]. Assuming that the output signal from this
sensor is a direct measure of the active nitrogen flux involved in the growth [27], the ratio B:N
of the molecular fluxes arriving at the surface of the sample is therefore approximated by
Rg/m2, the ratio between the regulated pressure of borazine and the Vj; signal. This ratio is
thus expressed in Torr/V.

Two different kind of 1x1 cm? nickel substrates were used, polycrystalline foils and (111)
monocrystals. The 25 um thick Ni foils were purchased from Alfa-Aesar and cut into pieces.
The (111) substrates were supplied by Alineason (thickness 1 mm). A (001) grain of ~2x3 mm?
surface was detected by electron backscattered diffraction (EBSD) on one monocrystalline
(111) substrate. We took advantage of this occurrence to study 2D-BN growth on this
orientation. All substrates were ultrasonically cleaned at room temperature for 20 minutes in
acetone, then in isopropanol and finally deoxidized at ~50°C in acetic acid for about 15
minutes. Before growth, they were systematically annealed at 1000°C in the MBE chamber for
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at least 1 hour. This annealing step aims to eliminate most of the carbonaceous species
adsorbed on the Ni substrates [28] and to remove the residual oxygen [29]. In order to
increase the grain size [30], a preliminary annealing at 1050°C in a chemical vapor deposition
reactor under 10 sccm of hydrogen and a pressure of 10 Torr was also tested. This pre-
annealing was followed by the standard 1000°C treatment under UHV.

Everhart-Thornley and Inlens detectors were mainly used in a Zeiss Supra 55 scanning
electron microscope (SEM) at an energy of 1 keV. The former is more sensitive to secondary
electrons than to backscattered ones. Its image contains information related to the
topography of the substrate. The Inlens detector mainly measures electrons backscattered
along the beam direction and produces images with high spatial resolution. In the case of
hBN, the Inlens intensity depends on the thickness of the deposited material [31]. This
electron microscope is also equipped with an Oxford Nordlys detector for performing EBSD
analysis to identify the orientations of the Ni grains. A Jeol 7001E SEM was used for
cathodoluminescence experiments at low-temperature (5 K) with 2-5 kV electron beam.
Spectra were corrected for the spectral sensitivity of the set-up [5, 32]. Raman measurements
were made using a Horiba Scientific LabRAM HR confocal Raman spectrometer with a 473 nm
laser spot (power ~10 mW) focused to a size smaller than 1 um by a 100X objective. All
spectra discussed in this work were corrected by subtraction of the Ni substrate contribution.
They were measured on specific 2D-BN domains, as precisely located by SEM. Conductive
atomic force microscopy (c-AFM) images were recorded in contact mode, with a Bruker Icon
microscope under ambient conditions. Currents down to the pA range could be detected
thanks to a current preamplifier with a variable gain from 10’ to 10' V/A. Time of flight
secondary ion mass spectroscopy (ToF-SIMS) measurements were realized with a TOF SIMS.5
system (lontof), in burst mode, using 25 keV Bi* as primary ion source. The typical spatial
resolution is 200 nm. The BN content was studied by measuring the *°BN" signal [33].

Conventional X-ray photoemission spectroscopy (XPS) measurements were realized using a
Physical Electronics 5600 spectrometer fitted in an UHV chamber (base pressure ~1.10™°
Torr). A monochromatized Al anode X-ray source (1487 eV) was used with a typical probe size
of ~400 um diameter. The detection angle was varied between 25° and 75° with respect to
the sample surface plane. The B/N composition ratio was determined from the lgis/In1s
integrated intensity ratio, corrected for the instrument relative sensitivity as calibrated after a
measurement on exfoliated hBN. The spectra shown here were all obtained with an angle of
45°. Spatially resolved photoemission was measured at the Antares beamline of the Soleil
synchrotron with a photon energy of 700 eV, a photon probe size of ~1.0-1.5 um diameter
and a photoelectron detection direction normal to the sample surface. The samples were
annealed at 700°C under UHV conditions before measurements to eliminate any possible
contamination resulting from the air transfer. To optimize the beamtime use, only N1s maps
were recorded and the presence of m plasmons was only evaluated for the N1s spectrum
(nitrogen having a higher sensitivity factor than boron). Angle-resolved photoemission
spectroscopy with sub-micron spatial resolution (nanoARPES) was also measured at 100 eV
photon energy (see details of the experiments in Ref. 34).



3. Results:
3.1 2D-BN growth optimization:

The typical XPS spectra of hBN exhibit a single Bls peak between 190 and 191 eV and a
single N1s one in the range 397.6-398.7 eV [35-37]. A signal originating from the 1 plasmons
should be detected at ~9 eV from the Bls and N1s main peaks to confirm the 2D nature of
the material [38, 39]. The Bls and N1s XPS typical spectra of a sample grown using borazine
and activated nitrogen are shown in Fig. 1. One component is generally observed for nitrogen
(Fig. 1a), while two well-resolved peaks are present for boron (Fig. 1b). The detection of m
plasmons at ~9 eV of the main Bls and N1s peaks confirms the 2D character of the
synthetized 2D-BN. The origin of the Bls peak at 188.2 eV (Fig. 1b) is not well understood. It
could correspond to B-Ni [40, 41] or B-B bonds [40, 42, 43]. As already discussed [23], this
peak, not related to BN, is probably associated with interface states and its discussion is
beyond the scope of this article. The best fits of the 2D-BN-related B1s and N1s spectra are
also shown in Fig.1, using an iterative Shirley baseline. They involve two symmetric
components each, with a strongly dominant one at higher binding energy (shown in blue) and
a weak one at lower binding energy (in green). This symmetrical shape is consistent with the
detection of m plasmons since it implies the presence of 2D-BN not coupled to the substrate
[23]. Noticeably, the binding energy difference between the N1s and Bls peaks is identical for
the two pairs of high- and low-intensity components (Enis-Egzs = 207.6 + 0.1 eV), a typical
value for hBN [21]. The B/N composition ratio calculated from the high-intensity components
is 1.00 + 0.05 and corresponds to the expected stoichiometry of 2D-BN. Taken together, these
observations show that the high-intensity Bls and N1s components correspond to the planar
interactions between B and N atoms in the 2D-BN not interacting with the substrate. The low-
intensity peaks are shifted by 0.9 £+ 0.1 eV towards lower binding energy from the high-
intensity components. Their energy positions are identical to those obtained for monolayer
BN with a strong coupling with Ni, grown using borazine only [23]. This similarity suggests that
they correspond to the interface BN subjected to strong interactions with the Ni substrate.
Indeed, this is confirmed by the B/N composition ratio for the low intensity components
which is 1.0 £ 0.2. Larger composition fluctuations were observed for a few samples, that
could result from the low accuracy of the fit for these low intensity components (see Fig. 1).
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Figure 1: XPS core level spectra for N1s (a) and B1s (b) after 2D-BN growth for 1 hour at 910°C.
The rt plasmon peaks are shown in the black rectangles. The best fits, using two symmetrical
components for both cases, are shown, as well as the Shirley baseline.
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Figure 2: 2D-BN growth optimization, thickness d/Ag gy (a), B/N composition ratio (b) and it
plasmon intensity normalized to the total nitrogen peak intensity (c), as a function of the
growth temperature. All growth experiments lasted 60 minutes. The dashed lines are just

guides, representing the d/Ag gy saturation value obtained when using borazine as the only

precursor [23] (a) and the stoichiometric value of the composition ratio (b).

With a constant precursor flux (Pporazine=1 Torr and Vi, = 1.45 V) and growth time (60 min),
the amount of deposited 2D-BN on Ni foils, the B/N composition ratio as well as the intensity
of the i plasmons normalized to the nitrogen peak intensity were explored as a function of
the growth temperature (Fig. 2). The 2D-BN thickness was evaluated using the /gss/Inizp and
Inas/Inizp XPS integrated intensity ratio from which the d/Aggy ratio was calculated (Fig. 2a),
where d is the 2D-BN thickness and Aggy is the inelastic mean free path of photoelectrons
emitted from B and passing through 2D-BN. Note that these calculations were based on the
total area of the BN-related boron and nitrogen peaks. We used a model based on a uniform
2D-BN film on Ni [23]. Such a simple model may only give rough estimates of the total
thickness when the real layer is not homogeneously distributed, as is the case here, but it is
the only realistic modeling without introducing multiple unknown fitting parameters. The low
intensity components are typically representing ~10% of the total area of the Bls and N1s
peaks, so analysis based on the total Bls and N1s area or only on the high intensity
components lead to nearly similar estimates. Within these isochronous experiments, the
optimum growing temperature range lies between 770°C and 910°C. In this range, the
deposited 2D-BN is the thickest (Fig. 2a), has a B/N ratio close to 1 (Fig. 2b) and the ratio of
the intensity of the m plasmons to the total N1s intensity is maximum (Fig. 2c). Considering a
value of 3.3 nm for Ag gy for conventional XPS experiments [44], the estimated d/Ag gy ratio
corresponds to a maximum 2D-BN thickness of 4-5 monolayers (ML) for a 60 min growth. This
value clearly exceeds the value that was obtained after growth using borazine alone, which
saturates in the 1-2 ML range (see dashed line in Fig 2a) because of the self-limited growth
induced by the catalytic effect of the Ni substrate [23]. The excess of nitrogen induced by the
N, plasma makes it possible to overcome this thickness saturation. Possible mechanisms
responsible for this effect may be related either to growth under a N-rich environment or
more probably from a significant contribution of the activated nitrogen to the fragmentation
of the borazine. In the case of growth at 980°C, the estimated 2D-BN thickness is reduced
compared to that at 910°C, the film tends to become B-rich and the relative plasmon intensity
decreases. These observations suggest a degradation of the 2D-BN characteristics and may be
explained by a lower sticking at least for nitrogen atoms at high temperatures. At the lowest
studied temperature of 700°C, the precursors are expected to adsorb at least as efficiently
than at higher temperatures, which is inconsistent with the reduction of the estimated
thickness shown in Fig. 2a. We suggest that this discrepancy could be explained by an



increased roughness of the 2D-BN film, which would lead to an underestimation of the
thickness because of the homogeneous film model used here. An alternative explanation of
this lower BN thickness could involve a reduced borazine thermal fragmentation at 700°C
compared to 900°C.

Figure 3: SEM InLens images for 60 min 2D-BN growth with Rgmn>=0.7 Torr/V, at 770°C (a),
850°C (b) or 910°C (c). 60 min 2D-BN growth at 910 °C, thickness d/Ag sy as a function of the
molecular flux ratio Rg/; (d) and SEM InLens images at Rgn,=0.2 Torr/V (e) or 1.4 Torr/V (f). All
scale bars are 10um.

SEM Inlens observations of samples grown within the previously determined optimum
temperature range are shown in Fig. 3a-c. They were combined with Raman measurements
focused on the 2D-BN domains for which the Inlens signal is the most intense, which appear
as white triangles in Fig. 3a-c. They correspond to the thickest domains [31]. The minimum
full width at half maximum (FWHM) of the 2D-BN Raman E,, peak obtained respectively at
770, 850 and 910°C are 16-19, 15-21 and 10-11 cm™ (see corresponding spectra in the
supplementary material Fig. S1). So, the best 2D-BN quality is obtained at 910°C, for which
the Raman peak has the smallest width, the composition ratio B/N is 1.0 and the 2D-BN
islands show the most regular and largest geometric shapes (see Fig. 3c). The fact that this
temperature is optimal is probably due to the higher mobility of ad-atoms at this high
temperature, while remaining lower than those for which the sublimation mechanisms
become significant (980°C). The characteristic 2D-BN E,; Raman peak was not detected on the
samples prepared at 700°C and 980°C having the lowest intensities of m plasmons. The
detection of the Raman peak for 2D-BN seems to correlate well with the intensity of the 1
plasmons (see Fig. 2c). The Raman signal associated to 2D-BN was not detected on the dark
domains of the SEM images: this could result from the low BN thickness in these areas [20]
and/or from the strong electronic interactions with the Ni substrate for monolayer 2D-BN
[23].



The influence of the B:N molecular flux ratio, assumed proportional to the ratio Rgn:
previously described, was studied for 2D-BN growth experiments carried out at 910°C within
the Rgmz range 0.04-1.4 Torr/V. The Eyg Raman peak width, the d/Ag sy factor (see Fig. 3d), the
N1s plasmon peak intensity, the shape and size of the 2D-BN domains (Fig. 3e-f) were
combined to find that the optimum range is between 0.1 and 0.2 Torr/V. The lowest value of
the B:N molecular flux ratio (Rsmn, =0.04 Torr/V) leads to a non-stoichiometric, thinner BN film
with a very weak N1s plasmon peak. Samples grown using B-richest conditions result in lower
quality material as shown by their irregular geometric shape and reduced domain size
(compare Fig. 3f to Fig. 3e). Using these optimized growth conditions, we have studied the
2D-BN structure as a function of growth duration. The SEM images of samples grown for 4
and 8 h respectively are shown in Figs. 4a and 4b. It appears that the maximum lateral
dimensions of the 2D-BN domains do not grow significantly after 4 h, saturating at a typical
value of ~20 um (Fig. 4c). The thickness of the triangular domains might be estimated by
counting the number of stacked triangles in such images (see supplementary material Fig. S7).
A maximum thickness is found in the range 10-15 ML (Fig. 4c), assuming that each change of
contrast observed in the SEM image correspond to a monolayer step.

Figure 4: SEM InLens images for 2D-BN growth at 910°C, with Rg,=0.2 Torr/V, for 4 h (a) or 8
h (b). High magnification SEM InLens image after 4h growth highlighting the typical 2D-BN
domain size of ~20um (c). Scale bars are 10 um (a, b) and 2 um (c).

The properties of the triangular 2D-BN domains were more extensively characterized. A
typical Raman spectrum is shown in Fig. 5a. The peak maximum is found in the 1368-1371 cm’
! range, with FWHM down to 10-11 cm™ (see also the Raman mapping analysis which is
presented in the supplementary material Fig. S2). Several 2D-BN islands were also studied by
cathodoluminescence at 5 K, a typical spectrum being presented in Fig. 5b. No luminescence
related to deep defects could be detected in the range from 1.4 up to 5 eV (250-890 nm, see
supplementary material part 2), reflecting the low incorporation of impurities in these
domains [45]. Only two main contributions are detected: an emission at 5.77 eV is associated
to the indirect excitons iX [46] while peaks at 5.37 and 5.51 eV seem related to excitons
bound to structural defects [47]. A low intensity peak is also detected at 6.045 eV, that
corresponds to the recombination of non-thermalized dX direct excitons in hBN [5].
Furthermore, the luminescence peak corresponding to surface excitons at 5.9 eV in hBN [48]
is not detected. If the observation of direct exciton luminescence suggests the high quality of
our 2D-BN materials, complementary studies are required to understand the different
thickness behavior observed in these spectra compared to previous articles [5]. The valence
band structure of a 2D-BN triangular domain was measured by nanoARPES and is shown in
Fig. 5¢c. It shows the expected 2D-BN band structure, with a maximum of the m and o bands
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respectively at the K and I' points of the valence band [49-51]. Conductive AFM
measurements are presented in Figs. 5e-f for a bias voltage of 1 V. The consistency between
the SEM InLens image (Fig. 5d) and the c-AFM one (Fig. 5e) is obvious. The current strongly
decreases when the 2D-BN thickness increases, confirming the insulating nature of the
synthetised 2D-BN. An average horizontal current profile recorded in the area depicted with
the dashed rectangles in Figs. 5d-e is shown in Fig. 5f. The darker area shown in Fig. 5d
corresponds to the thinner BN film, with an estimated 1 ML thickness as discussed in the next
section, for which the current perpendicular to the film is ~0.5 yA. This current decreases to
~70 nA for 2 ML, ~2 nA for 3 ML and is no longer measurable (below 10 pA) for 4 ML and
thicker 2D-BN. Current-voltage curves were measured at some selected points in the area
shown in Fig. 5e (see supplementary material part 3). From the slope of these curves in the
linear part around zero bias, one may evaluate the corresponding resistances. One finds
2.0+0.7 GQ for 2 ML 2D-BN and 10+3 GQ for 3 ML. This resistance is larger than 1000 GQ for
5 ML thickness and above. These figures are at least as high as the ones also measured by c-
AFM on exfoliated hBN [52], emphasizing the good insulating character of the 2D-BN grown
for this study. These combined Raman, cathodoluminescence, c-AFM and nanoARPES
experiments clearly show the high material quality of the 2D-BN triangular domains.
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Figure 5: optimized 2D-BN growth at 910°C, measurements focused on triangular multilayer
domains, typical Raman spectrum (FWHM 10-11 cm™) (a), 5 K cathodoluminescence corrected
spectrum at 2 keV (b), nanoARPES valence band structure (photon energy 100 eV) (c), SEM
InLens image (d) and corresponding c-AFM image (polarisation 1 V, preamplifier gain 10° V/A)
(e). The average current is plotted in panel (f), as measured in the area bounded by the dotted
lines in (d-e), using a 10" V/A gain. Scale bar is 10 um (d).



3.2 Spatial distribution of BN:

The Raman peak at ~1370 cm™ typical of 2D-BN is always observed in the brighter areas
observed by SEM in the InLens mode, which correspond to thicker films [31], but never in the
darker areas, which raises questions about the 2D-BN surface coverage. At the same time,
these darker areas systematically show wrinkles after growth (see e.g. Figs. 3¢, 3e and 4c), yet
never on the bare Ni foils. By analogy to what is observed for both graphene and hBN [6, 53],
it is suggested that these wrinkles appear during the cooling process due to differences in
thermal expansion coefficients between hBN and Ni. This implies that these dark areas are
also covered by a very thin 2D-BN film which is thus present on the whole surface. This
conclusion is consistent with the ToF-SIMS measurements shown in Fig. S5 in the
supplementary material where the °BN  signal is detected over the entire analysed surface.
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Figure 6: optimized 2D-BN growth at 910°C, N1s core level intensity map of 2D-BN on Ni foil
(photon energy 700 eV) (a), SEM InLens corresponding image (b). Please notice that the
minimum of the color-coded intensity in Fig. 6a is not O but ~60, corresponding to the
minimum measured intensity. A zoom in the area delimited by the black rectangle is shown in
the supplementary image S7. The it plasmon peak intensity (c) and the fitted asymmetry factor
for the B1s and N1s peaks (d), as a function of the N1s intensity for high resolution spectra
measured at selected points from the N1s map. Scale bars are 20 um (a) and 10 um (b).
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Spatially-resolved photoemission measurements were realized at the Soleil synchrotron. Fig.
6a is a N1s core level intensity map in a zone where 2D-BN triangular domains of varying
thickness are present. The corresponding SEM image is shown in Fig. 6b. This map confirms
that nitrogen is detected everywhere on the surface, especially in the darker areas observed
by SEM (another N1s intensity map recorded in a different zone is shown in the
supplementary material Fig. S6). The thickness variations deduced from the N1s intensity are
qualitatively consistent with the ones expected from the SEM image. From a quantitative
analysis of the N1s intensity ratio in the map shown in Fig. 6a, we can conclude that the
darker areas correspond to a 2D-BN monolayer thick film (see details in the supplementary
material part 6). N1s and B1s local high-resolution spectra were recorded at selected points
on the N1s intensity map. The difference between the energy positions of the main N1s and
B1ls peaks in these experiments corresponds to the expected value for BN with an average
value of 207.7 £ 0.2 eV, regardless of the N1s intensity and thus of the 2D-BN thickness. Fig.
6c shows that the N1s it plasmon peak intensity increases with the N1s intensity of the main
peak, therefore with the thickness of 2D-BN. For the thinnest areas corresponding to
monolayer 2D-BN (where the N1s intensity in Fig. 6a is ~70), the i plasmons intensity is very
close to the noise level. All N1s peaks could be rather accurately fitted by a symmetrical
component in agreement with the detection of m plasmons since 2D-BN is an insulating
material. However, since asymmetric components were more suitable for the Bls peaks,
especially at low BN thickness, we also tried to fit the N1s peaks while imposing an
asymmetric component, also using a Doniach Sunjic shape. The variations of the asymmetry
factor for both peaks are presented in Fig. 6d. If the asymmetry can be neglected for thick
domains (thickness > 2 ML), it is systematically larger for B1s than for N1s at low BN thickness
(Y1 ML). This observation illustrates the complex interaction of BN at the Ni interface,
suggesting a stronger bonding between B and Ni atoms than between N and Ni.

These experiments highlight that a full 2D-BN coverage is obtained, although the BN film
thickness stands in a rather large range 1-15 ML. The lack of the BN Raman peak in the darker
areas as shown in Fig. 6b may originate either from the low BN thickness [20] and/or from the
strong bonding at the BN-Ni interface [23].

3.3 Influence of crystal orientation

Most growth experiments were performed on polycrystalline Ni foils, allowing to study the
orientation-dependency of the 2D-BN structure. Fig. 7a shows an EBSD map recorded on a Ni
foil after 2D-BN growth, showing zones with adjacent grains oriented along the three main Ni
crystalline directions (001), (101) and (111) (see the zoom in Fig. 7b). The SEM image of the
same area is shown in Fig. 7c, including labels of the Ni grain orientation as determined from
the EBSD experiments. The structure of 2D-BN strongly depends on the orientation of the Ni
grains. Domains show geometric shape on (001) & (101) oriented Ni grains, contrary to those
observed on (111) grains where a granular distribution is observed. The E,; Raman mode is
detected everywhere on areas with high SEM InlLens intensity, independent on the Ni
orientation, but not in the darker areas which correspond to thin BN, as already mentioned in
section 3.2. The corresponding Raman 2D-BN spectra show smaller widths (FWHM = 11-14
cm™) for (001) and (101) grains, while the granular grains on (111) Ni have much wider peaks
(FWHM = 19 cm™). This behaviour is consistent with the geometric shapes of the BN islands
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and shows that the 2D-BN quality seems reduced on Ni (111) grains compared to other
orientations.

Growth experiments performed on a (111) monocrystalline Ni substrate confirms this
finding, showing a granular morphology of 2D-BN with grain sizes smaller than 1 um (Fig. 8a)
and wide Raman peaks (FWHM 2 23 cm™). Despite the small lattice parameter misfit between
Ni (111) and hBN (~0.4%) [7, 8], the 2D-BN grown on Ni (111) from borazine and activated
nitrogen unexpectedly shows a rather low crystalline quality. Conventional XPS
measurements recorded on this sample indicate the presence of two components for N1s
and B1s, well separated by a similar energy shift of ~1.7 eV (Fig. 9a-b). The respective
intensity ratios of these two pairs of components B;-N; and B5-N, are close to 1, suggesting
the presence of two configurations for 2D-BN. Considering the energy positions for BN grown
on Ni foils from the only precursor borazine [23], the low binding energy B,-N, pair would be
associated to 2D-BN strongly bonded with Ni at the interface. In this hypothesis, the n
plasmon peaks measured on the N1s and B1s spectra (Fig. 9a-b) would be associated with the
high binding energy B1-N; pair and not with B,-N,.

Figure 7: optimized 2D-BN growth at 910°C, EBSD mapping after growth on polycrystalline Ni
and corresponding inverse pole figure (a). EBSD numerical zoom (b) in the black dashed
rectangle in (a) and corresponding SEM Inlens image (c). The main crystal orientations (001),
(101) and (111) are all detected in this area and labelled accordingly in (c). Scale bars are 200
um (a) and 10 um (c).
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XPS measurements on a large (001) grain show that the Bls and N1s peaks only have one
BN-related component, with a B/N composition ratio ~1 characteristic of stoichiometric BN,
and that a strong 1 plasmon peak is detected (Fig. 9c-d). The peak positions are close to the
uncoupled ones observed on Ni (111), although slightly shifted by 0.5 eV. The 2D-BN islands
detected on this grain have a non-granular structure with a smaller Raman width (down to 11
cm™) than those detected on Ni (111). These observations confirm the results obtained on
the polycrystalline foils, i.e. the 2D-BN crystallographic quality is lower on Ni (111) than on Ni
(001) & (101). The detection of two well-separated components in XPS, one of which is
associated with a strong coupling with the substrate, suggests that the growth mechanism of
2D-BN on Ni (111) probably involve some epitaxial growth mechanism. The absence of this
hybridization on (001) may be at the origin of the better 2D-BN quality in this case.

Figure 8: SEM InLens images of the granular structure after optimized 2D-BN growth at 910°C
on Ni (111) single crystal (a). Reference polycrystalline Ni sample after annealing at 1000°C in
the MBE chamber (b), the same sample and area after a further 1050°C anneal under H; (c)
and the same sample after optimized 2D-BN growth at 910°C for 2 h (d). Scale bars are 10 um
(a, d) or 2 um (b, c).

A few samples underwent a pre-anneal under H, at 1050°C in a separate reactor, initially
intended to increase the Ni grain size [30]. Fig. 8b shows a SEM image of a sample after the
standard annealing carried out at 1000°C under UHV conditions, followed by the H, pre-
anneal (Fig. 8c). Comparison of these two images recorded at the same position of the same
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Figure 9: Conventional XPS spectra after optimized 2D-BN growth at 910°C, N1s (a) and B1s (b)
on Ni (111) single crystal, N1s (c) and B1s (d) on Ni (001) single crystal. The it plasmon peaks
are shown in the black rectangles. The best fits are plotted, using two symmetrical components
(a, b) or one (c, d), as well as the Shirley baseline.

sample show that numerous nano-hills were generated on the foil surface during the H,
anneal, resulting in a significant increase of the roughness. After growth of 2D-BN, the SEM
observations (Fig. 8d) show that the 2D-BN granular structure previously observed only for
(111) oriented domains is now present all over the foil, whatever the Ni grain orientation. The
Raman peak FWHM is now rather large everywhere, ~20 cm™. XPS analysis indicates a
behaviour identical to that measured on the (111) monocrystal substrate. The same pairs of
components Bls and N1s are detected as on Ni (111), although with comparatively less
intense Ni-bounded peaks (see the supplementary material Fig. S8). The 2D-BN thickness, as
evaluated through the d/Aggn factor, increases from 0.60 up to 1.05 because of the H, pre-
anneal, suggesting that the nano-hills behave as efficient nucleation sites. Under these
conditions, the mean free path of ad-atoms is reduced which should result in a larger disorder
at the surface. The fact that the granular structure observed on Ni (111) is identical to that
after H, pre-anneal may suggest that the UHV annealing conditions used in this work are not
sufficient to decrease the roughness of (111) oriented grains. Given the dependency of the Ni
diffusion coefficient on the grain orientation [54-56], annealing at 1000°C on polycrystalline
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foils would be sufficient to flatten (001) & (101) Ni grains but not the (111). A more effective
surface preparation should be considered for Ni (111) surfaces, in order to obtain atomically
flat terraces [8].

4. Conclusion:

By associating borazine to activated nitrogen, we have shown that it is possible to grow
thicker BN films than while using borazine alone [23]. After optimization of the growth
parameters, local 2D-BN triangular domains of very good quality are synthetized as shown by
their geometric structure, Raman, cathodoluminescence, valence band structure and XPS
spectroscopic data. The typical dimensions of these domains is limited to about 20 um,
regardless of the growth duration. The synthesized 2D-BN structure depends on the Ni grain
orientation, especially the formation of bonds with Ni at the interface. This hybridization
result in a complex interaction between BN and Ni. Surprisingly, despite a lower lattice
mismatch, the quality of the 2D-BN grown on Ni (111) seems lower than on (001) or (101)
grains, either because of the stronger coupling on (111) or of a rougher initial surface.
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1. Complementary Raman results
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Figure S1: optimization of the 2D-BN growth versus growth temperature, typical Raman spectra.
The spectra were vertically shifted for clarity.
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Figure S2: Raman map cartography of a triangular domain shown in the SEM image (same area
already shown in Fig. 4c) (a). The black rectangle shows the area were the Raman map was
measured with a 0.5 um step. Spectral analysis using a lorentzian shape after substraction of the
substrate signal, peak position (b), peak area (c) and full width at half maximum (d). No BN-related
Raman component could be detected in the points which appear in black in these maps. The scale
bar in panel (a) is 10 um.



2. UV-visible large spectral range cathodoluminescence spectrum

The figure S3a shows a typical cathodoluminescence raw spectrum over the UV-visible-NIR range.
The peaks appearing at ~450 and ~775 nm respectively and identified by black arrows in panel a are
not deep defect-related, but comes from the 2nd and 3rd order of the main exciton-related
luminescence at ~225 nm. The raw CL spectrum plotted here depends on the spectral sensitivity of
the set-up. A spectrum corrected in the UV range (200-400 nm) is shown in panel b. The peak at
~320 nm (see gray arrow in Fig. S3a) disappears after correction. No defect-related
cathodoluminescence could be observed in the energy band gap of such samples.
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Figure S3: optimized 2D-BN growth at 910°C, cathodoluminescence raw spectrum (a) and after
correction in the UV range (b), measured at 5 K (beam energy 5 keV).



3. Conducting AFM current-voltage curves
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Figure S4: optimized 2D-BN growth at 910°C, measurements focused on triangular multilayer
domains, c-AFM image (polarisation 1V, preamplifier gain 10° V/A) already shown as Fig. 5e in the
main text (a). The crosses show the location were the current-voltage curves shown in panel (b)
were measured, using a 10™° V/A gain, for 2ML (blue), 3 ML (turquoise) and 5-7 ML (light blue).
Continuous (dashed) lines were respectively measured while increasing (decreasing) the bias. The
resistance quoted in the text is the average of the forward and backward slope.

4. Optimized 2D-BN growth, ToF-SIMS experiments
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Figure S5: optimized 2D-BN growth at 910°C, ToF-SIMS map showing the total ">BN signal. A full
BN coverage is observed.



5. Complementary N1s intensity map

Another core-level N1s intensity map (Fig. S6d) was recorded in a different area close to the one
presented in Fig. 6a. This area includes the 3 main Ni grain orientations, as shown in Fig S6c. The
experimental points plotted in Figs. 6¢-d includes points selected from both N1s maps.

Figure S6: optimized 2D-BN growth at 910°C, same area observed in SEM InLens (a), Everhart-
Thornley (b) and EBSD (c) modes, and N1s core level intensity map at a photon energy of 700 eV
(d). The arrows point to the same location on the sample. The scale bars are 10 um (a-b) or 20 um
(c-d).



6. BN thickness estimation

We detail here how the 2D-BN thickness is estimated from the N1s core level intensity mapping
(Fig. 6a). The photoelectron attenuation equation is given by the following equation [1]:

e = I [1 - e( N.BN i g}] (S1)

where I, represents the photoemission intensity measured for a n layer thick film, /.. the intensity
of an infinite number of layers, Ay gy the inelastic mean free path of an electron emitted by nitrogen
in BN, 6 the angle of emission (here 90°) and e the inter-planar distance in hBN (3.33 A [2]).

MM 2ML  3ML
2ML 1.68 } }
3ML 2.15 1.28 -
amL 2.46 1.47 115
5ML 2.68 1.59 1.25

/ / / /
15ML 313 1.86 1.46
16ML 314 1.87 1.46
7ML 3.14 1.87 1.46

Table S1: Calculated intensity ratio Iyis max/ In1s min @S @ function of the thickness (1-3 ML for the

zone of weakest intensity and 2—17 ML for the zone of high intensity), using Ay =87 A

In Fig. 6a, the blue-violet zone corresponds to a zone where the N1s photoemission intensity is
the lowest (63 < Iyis £ 75), so we can write Iyis min =69 + 6 in the area where the BN layer is the
thinnest. The corresponding SEM InlLens image in Fig. 6b is consistent with this conclusion. The
maximum N1s photoemission intensity /yis max iS 176 in the same N1s mapping (red areas), so that
the experimental ratio /nzs max/ Inzs min = 2.55.

According to Ref. [3], the value of Ay gy calculated for the 700 eV photon energy used for the N1s
map is equal to 8.7 A. Hence, we can evaluate the theoretical ratio Inzs max / Inis mn @S @ function of
the minimum 2D-BN thickness using the photoelectron attenuation equation (S1). These
calculations are presented in Table S1, for the minimum 2D-BN thickness of 1, 2 or 3 monolayers. If
we assume that the minimum BN thickness is at least 2 ML, the calculated /nis max / Inis min Fatio
saturates at 1.87, which is inconsistent with the experimental value of 2.55. This experimental ratio
is consistent with the photoelectron attenuation equation only if we assume a 1 ML thickness for
the low intensity zone. However, the experimental ratio /s max / Inis mn = 2.55 implies that the
maximum thickness in the sample measured in Fig. 6a is 5 ML (see red square in Table S1). This
contradicts the maximum layer thickness evaluated in the SEM InLens image (Figure 6b) from the
step contrast which cannot be lower than 9 ML (see Fig. S6). This suggests that the blue-violet area
corresponds to 1 layer of BN and that the mean free path Ay gy must be slightly lower than 8.7 A to
probe comparatively a reduced depth. In order to solve this issue, we have calculated the Inis max /
In1s min ratio from equation (S1) using the experimental values of /s min and In1s max., @assuming that
the thickest area corresponds to n=9 ML. The only unknown parameter is now the inelastic mean
free path Ay snv. The problem can easily be turned into a polynomial equation of degree n where the
variable parameter is X = exp(-e/An n), Which can be numerically solved.



Figure S7: SEM InLens image, numerical zoom-in of the rectangular area in Fig. 6b, which shows
that the 2D-BN thickness is at least 9 ML. The labels indicate the minimum thickness for each
region. The scale bar is 10 um.

In this case, the unique solution to this equation is Aygy = 6.8 A if the thinnest blue-violet area
corresponds to 1 ML. If one assumes that the thinnest area is 2 ML, then the solution is Aygy = 15.7
A. This last value appears too shifted from that calculated [3] to be realistic, which implies that the
thinnest 2D-BN area in Fig. 6a is 1 monolayer thick.



7. XPS spectra of 2D-BN grown on H2 pre-annealed Ni foils:
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Figure S8: XPS core level spectra for N1s (a) and B1s (b) after 2D-BN growth for 2 hours at 910°C
on a Ni foil pre-annealed under H,. The it plasmon peaks are shown in the black rectangles. The
best fits, using two symmetrical components for both cases, are shown, as well as the Shirley
baseline.
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