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Abstract

The growth of two dimensional sp2-bonded boron nitride (2D-BN) was studied in a plasma-
assisted molecular beam epitaxy set-up, using independent boron and nitrogen sources. We studied the
growth conditions on polycrystalline Ni foils: B and N respective fluxes, growth temperature and time,
which are influencing the surface morphology, stoichiometry and the 2D-BN domain size. Using a
B/N precursor flux ratio >>1 yields films with incorporated boron largely in excess and intermixed
with 2D-BN. On the contrary, precursor flux ratios from moderately B-rich to moderately N-rich leads
to stoichiometric 2D-BN. The optimum growth temperature is found to be 900°C, a temperature for
which the crystallographic quality is improved compared to lower temperatures thanks to the increased
adatom surface mobility although a partial sublimation of BN occurs. Increasing the growth time
under the optimized settings shows that the growth does not occur in a layer-by-layer mode, but rather

by stacking BN domains on top of each other with a rather slow lateral extension of the domains.
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1. Introduction

Hexagonal boron nitride (hBN) is a two-dimensional Van der Waals insulator with a wide
bandgap (~6 eV). It is chemically and thermally stable making it exceptionally interesting as an
ultrathin barrier, tunneling or passivation layer for integrated electronics and photonics [1]. It is also
an ideal candidate for graphene encapsulation, preserving the properties of high quality graphene for
future devices. It must be remembered that hexagonal boron nitride is one of many two dimensional
boron nitride polytypes (2D-BN) [2], including all sp>-bonded boron nitrides with different stacking
such as the stable phases AA’ (hexagonal) or ABC (rhombohedral) [3]. The graphene-like AB
stacking was rarely observed, involving different structures such as stacking faults in rhombohedral

BN [4] or as metastable inclusions in hBN bulk crystals [5].

Although hBN is a promising material for many breakthrough applications, no technique is yet
able to grow defect free hBN in large surface. The main top-down approach, mechanical exfoliation, is
limited to surfaces of a few 100 um? at most. On the contrary, bottom-up techniques (such as chemical
vapor deposition (CVD), molecular beam epitaxy (MBE), pulsed laser deposition, etc.) should be
scalable but still face significant challenges to grow high quality hBN at the wafer scale [6]. For
bottom-up techniques to be able to produce continuous hBN films with well-controlled thickness,
thorough studies of the interaction between the precursors and substrate are mandatory. In the case of
MBE, using a boron effusion cell and a nitrogen plasma source facilitates this task because only two
elements are used, compared to CVD that needs precursors and carrier gases making their interactions
more complex. Using elemental B and N cells offers the possibility to adjust independently the B and
N fluxes that reach the substrate, but also to study individually the impact of each element during
growth and their respective interactions with the substrate. Growing 2D-BN on Ni is highly dependent
on the Ni grain orientation. The calculated surface energy is the highest for (100) grains, then for
(110), and significantly decreases for (111) orientation [7]. By using the ammonia-borane precursor in
a low pressure CVD reactor, it was observed that the 2D-BN growth was faster on (001) grains while
2D-BN could not be detected on (111) grains [8]. The morphology of the grown 2D-BN depends on
the Ni grain orientation, changing from a “cotton flower” shape on Ni(001) to a flatter parallel
morphology resulting from the epitaxial relationship between the BN and the Ni(111) surface [4]. The
interaction between hBN and nickel also plays an essential role on the growth. The first 2D-BN layer

grown on nickel is chemisorbed due to the strong hybridization between the Ni 3d and hBN-m states
[9].

Under ultra-high vacuum (UHV) environment, borazine or a combination of a high-temperature
boron effusion cell with a remote radio-frequency (RF) N-plasma source were the most studied set of
precursors to grow 2D-BN. Ammonia was seldom used as an alternative nitrogen source, without

requiring a plasma cell, associated to B,Hs gas [10] or to B,O3; powder [11]. The 2D-BN thickness is



self-limited to one monolayer on Ni with the borazine precursor, because the catalyzed fragmentation
of borazine by Ni stops when the 2D-BN coverage is complete [12, 13]. On the other hand, using a
boron effusion cell and a remote N-plasma cell allows to overcome such thickness limitation to obtain
multilayers 2D-BN [14-16]. This technique might be referred to as plasma-assisted MBE (PAMBE).
The hBN morphology was observed to change from dendritic, star-shaped islands to triangular
domains when increasing the temperature from 730 to 835°C [15]. Growth temperatures from 700°C
[16] to 890°C [14] were reported. The published transmission electron microscopy images and
reflected high energy electron diffraction patterns suggest that a high quality multilayer hBN
epitaxially grown on Ni(111) was elaborated, despite using a rather low temperature of 700°C [16]. It
is not yet clear how such a good result could be obtained at the lowest reported growth temperature, it
may result from the initial Ni buffer layer grown onto the monocrystalline substrate. Other preliminary
Ni treatments such as carburization or electropolishing were also able to improve hBN growth. It was
claimed that the hBN 2D growth mode was favored by tuning the carbon interstitial concentration
[11]. It was also observed that electropolishing leads to a higher BN growth rate, resulting from the

increased density of nucleation sites [17].

With PAMBE, while the growth temperature can be straightforwardly studied, the same is not true
for the B/N precursor flux ratio which appears more complex to understand due to the variety of the
nitrogen active species produced by the plasma cell and of their interactions with the substrate. In this
work, we investigated the growth conditions to obtain 2D-BN on polycrystalline Ni foils. We studied
the impact of the B atomic flux, growth temperature, N plasma-cell settings and growth time. A
thorough analysis of how each growth parameter influences the 2D-BN stoichiometry, morphology

and thickness is presented and optimal growth conditions are obtained.

2. Experiments

2D-BN films were grown by PAMBE in a commercial RIBER UHV chamber, using an infrared
pyrometer at 0.85 um wavelength for growth temperature measurements. More details about this
chamber were already published [13, 18]. We used a high-temperature effusion cell for the boron
source (MBE-Komponenten), with high purity (5N) elemental boron granules loaded in a graphite
crucible. The nitrogen cell is a radio-frequency valve plasma cell (VRF-N-600 from RIBER) designed
to optimize the amount of atomic species while minimizing the emitted ionic species. The maximum
RF power and N, flow are respectively 600 W and 10 sccm. The plasma optical intensity is measured
by an optical sensor (signal in volts) in the range 750-850 nm, corresponding to the atomic nitrogen
spectral range [19]. 25um thick polycrystalline nickel foils purchased from Alfa-Aesar were used as
substrate (specified purity 99.99%). They were cleaned in acetone and isopropanol and finally

deoxidized in acetic acid just before loading in the UHV chamber. The Ni foils were first annealed at



950°C in the MBE chamber for at least 2 hours for removal of any residual organic matter and oxides.
It results in grains of typical size between 5 and 100 um, without any preferential orientation. The BN
growth step took place just after this pre-annealing. Table 1 summarizes the experimental parameter
range of our experiments. We first explored the impact of the boron atomic flux by varying the B-cell
temperature from 1700°C to 1850°C. Then, we studied the growth temperature from 800°C to 960°C.
Finally, we optimized the impact of the nitrogen plasma cell by varying the N, flow and power as well

as the growth time up to 240 min.

boron cell temperature (°C) 1700, 1760, 1800, 1850

nitrogen plasma cell settings, RF power (W) /
) ) a) 480/5/2.5, b) 540/1.5/2.5 or c) 580/5/3.1
N, flow (sccm) / plasma optical signal (V)

growth temperature (°C) 800, 900, 930, 960
N, growth pressure (Torr) / N, flow (sccm) 610°/150r2.510°/5
growth time (min) 60, 120, 240

Table 1. Experimental parameter ranges investigated for the growth of 2D-BN on Ni.

Samples were transferred under air exposure to the X-ray photoelectron spectroscopy (XPS)
chamber for chemical analysis as well as BN thickness estimation. The measurements were realized
using a Physical Electronics 5600 spectrometer fitted in an UHV chamber (base pressure ~1-10™°
Torr). Spectra were recorded using a monochromatized Al anode X-ray source (photon energy 1487
eV), a pass energy of 12 eV and a typical probe size of 400 um diameter. The B/N composition ratio
was determined from the lgys/lnis integrated intensity ratio, corrected for the instrument relative
sensitivity as calibrated after a measurement on exfoliated hBN [18]. gy (respectively Iyis) represents
the total integrated intensity of the BN-related B1s (N1s) component, and Iniz, Stands for the integrated
intensity of the Ni2p3/2 substrate peak. The ratios lgis/Inizp @and Inis/Inizp Obtained for different
photoelectron angles were used to estimate the averaged BN thickness based on a homogeneous
thickness single layer model [13]. The detection angle corresponds to the angle between the surface
and the direction of the photoelectrons and was varied between 25° (close to grazing incidence,
surface sensitive) and 75° (nearly normal incidence, bulk sensitive). All the spectra presented here
were obtained for a 45° angle. The surface morphology was analyzed with a Zeiss Supra 55 scanning
electron microscope (SEM) using an InLens detector, i.e. by measuring backscattered electrons along
the beam direction. The incident electron beam was set to 1 keV for better surface sensitivity. In the
case of 2D-BN, the InLens intensity increases with the 2D-BN thickness [20]. Raman spectra were
measured using a Horiba Scientific LabRAM HR confocal spectrometer with a 473 nm laser spot

(power ~10mW). The beam was focused to a size smaller than 1 um by a 100x objective.



3. Results and discussion

When growing 2D-BN by PAMBE, the flux of injected species reaching the sample surface plays
a key role on the film stoichiometry, thickness as well as morphology. The impact of the atomic boron
flux was firstly analyzed by varying the B-cell temperature Tg from 1700 to 1850°C, resulting in an
estimated B flux ratio of 11 [21] between the highest and lowest flux (see table 2). The N, plasma cell
conditions were kept constant (1.5 sccm N, flow with 540 W RF power), as well as the substrate
temperature (800°C) and the duration (1 h). Typical B1s and N1s spectra are shown in figure 1, while
examples of their spectral deconvolutions are presented in the insets (for Tg=1760°C). Two
components related to B-N bonds are observed in both spectra, as well as a third one related to B-Ni or
B-B bonds in the B1s 187-189 eV range. Because of the strong hybridization between the Ni 3d and
the 2D-BN = states of the first 2D-BN layer, one observes a binding energy difference of ~1 eV
between the metallic coupled 2D-BN layer at the interface and the uncoupled components for films
thicker than one monolayer, consistent with the already reported values [9]. So, the experimental curve
fitting was achieved using an asymmetric component for the lowest binding energy peak
(corresponding to the 1* layer with a metallic behavior resulting from the coupled bonds) [9, 13], and
a symmetric component at higher binding energy for the uncoupled insulating ones (see inserts of
figure 1, where the coupled component is plotted in red and the uncoupled one in blue). The B/N
composition ratios reported here were calculated from the total integrated intensity ratio lgis/Inis for

the sum of both BN-related components (see table 2).

B cell 2D-BN

. XPS excess boron . incident B/N
temperature  relative B flux B/N ratio (%) thickness _
(°C) 0 (monolayer) ﬂUX ratIO
1700 1 1.02 3.2 2.9 <1
1760 25 1.02 3.7 4.2 ~1
1800 5.0 1.03 4.7 4.4 >1
1850 11 1.05 51 <8 >> 1

Table 2. The relative B flux, as evaluated from the temperature-dependent pressure of boron [21], as a
function of the B-cell temperature. The B/N composition ratio, as determined from the corresponding
XPS integrated intensity ratio corrected for set-up sensitivity, for 2D-BN grown on Ni under constant

activated N flux. The B/N composition ratio was determined considering the sum of the coupled and
uncoupled BN-related XPS components. The percentage of boron in excess is evaluated from the

integrated intensity of the B1s peak with maxima in the 187-189 eV binding energy range divided by
the total integrated intensity of B1s. The 2D-BN thickness was evaluated from the B1s/Ni2p and

N1s/Ni2p integrated intensity ratio. The indicative incident flux ratio conditions were deduced from

the analysis of the XPS measurements.
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Figure 1: XPS measurements of 2D-BN samples grown at 800°C during 1 hour under fixed nitrogen
plasma-cell settings (1.5 sccm, 540 W), while varying the atomic B flux by adjusting the B-cell
temperature Tg from 1700 to 1850°C, (a) N1s region showing the overlapping uncoupled and coupled
components, respectively located at ~398 eV and ~397 eV, (b) B1s region also showing the
overlapping uncoupled and coupled components at ~191 eV and ~190 eV, as well as an extra well-
separated B1s peak related to B-B and/or B-Ni bonds. Inserts in panels a and b correspond to the
deconvolution of the 2D-BN spectra for a sample grown with the B-cell set at 1760°C. Angle-resolved
XPS experiments, normalized intensity ratios are plotted for growth at Tg= 1850°C (c) and 1800°C (d)
vs the photoelectron emission angle, where the 25° (respectively 75°) angle is close to grazing

(normal) incidence.

According to the literature, the extra B1s component in the 187-189 eV range may be related
either to B-Ni [22, 23] or B-B bonds [22, 24, 25]. Both are located almost at the same binding energy
due to their very close electronegativity (2.04 eV for B and 1.91eV for Ni [26]). Nonetheless, we can
reasonably assume that the B1s extra component is mostly related to B-B bonds for the highest B flux
(at Tg=1850°C), in which case it is located at 187.5 eV. Indeed, reducing the B flux (Tg=1800°C)
results in a strong decrease of this extra peak intensity and in a slight shift towards a higher binding
energy at 188.2 eV. With a further reduction of the B flux down to the lowest value explored in this
study, the peak position remains nearly constant while its intensity slowly decreases, representing ~3%
of the Bls total surface for the lowest B flux (at Tg=1700°C, see table 2). We expect it to be the



amount of the B atoms which are located at the interface or have diffused into the Ni matrix (~0.3 at%
solubility of B in Ni at 1085°C [27]), to form compounds such as Ni»3Bs [28]. These assignments to B-
B bonds for the highest B flux, and to B-Ni for a reduced B flux (with a B-cell temperature set in the
range 1700-1800°C) are qualitatively consistent with the angular-dependency of the intensity ratios
which are displayed in figures 1c (for Tg=1850°C) and 1d (Tg=1800°C). The normalized intensity
ratio lgexo/lgis Shows a very different angular behavior in these two cases (where lge. iS the total
integrated intensity of the bonds involving excess boron atoms, that is the non BN-related B1s
component with a maximum in the 187-189 eV range, see figure 1b). For the highest B flux, this ratio
is the largest at low angles (figure 1c) which means that the corresponding B-B bonds are close to the
surface. On the contrary, when the B flux is reduced, the maximum lge/Igss ratio is obtained at close
to normal angles (figure 1d), so that the related bonds are located deeper in the sample than the 2D-
BN, probably at the BN/Ni interface or into the Ni ‘bulk’, and thus involve B-Ni bonds.

Figure 2: SEM images of samples grown at 800°C during 1 hour under fixed nitrogen plasma

conditions (1.5 sccm Np, 540 W), while varying the atomic B flux by setting the B-cell temperature at
1850°C (a), 1800°C (b), 1760°C (c) or 1700°C (d) (scale bars 50 pum). The 2D-BN morphology
depends on the Ni grain orientation, it ranges from granulous BN to tiny BN triangular domains (up to
~7 pum long).



The B flux has a significant impact on the 2D-BN structure as well as on its thickness, as
evaluated from the XPS intensity ratios lgis/Inizp @nd Inas/Inize. This is illustrated in the SEM images
displayed in figure 2. The corresponding 2D-BN average thicknesses are indicated in table 2. Under
ultra-rich boron environment (Tg=1850°C), the incident B/N precursor flux ratio is much larger than 1.
Almost 50% of the B1s XPS total intensity comes from non-nitrogen bonded B atoms, the excess
boron (see table 2). We were unable to identify 2D-BN domains by SEM, but only an almost
structure-free surface resulting of an intermixing between excess boron and BN (see figure 2a).
Indeed, the angular-dependent variations of the XPS integrated intensities shown in figure 1d show
that the distribution of excess B and 2D-BN are almost identical. In this case, the BN thickness
deduced from the lg1s/Inizp @nd Inas/Inizp ratios is strongly overestimated because the excess boron also
contributes to the Ni substrate intensity attenuation, resulting in an overestimation of these ratios and
thus of the total BN thickness.

When the B flux is reduced (Tg=1760 or 1800°C), the amount of excess B is reduced to 4-5% of
the total boron atoms. 2D-BN domains are observed on the surface with a maximum length of ~7um.
The corresponding surface morphologies are similar (see figures 2b and 2c) as well as the estimated
BN thickness of ~4 monolayers, despite a ~2 times increase of the B flux (for Tg=1800°C compared to
the Tg=1760°C case, see table 2). For a B-cell temperature set at 1800°C, we assume that the excess
incident B atoms are not incorporated in the growing film since no significant difference on the BN
thickness and on the excess boron percentage could be deduced from the XPS measurements. This
suggests that the Tg=1800°C condition corresponds to a B-rich precursor flux, and that the BN growth
rate is limited by the incoming active nitrogen species which are all incorporated in the 2D-BN layer.
With a further reduction of the B flux (Tg=1700°C), the 2D-BN average thickness decreases compared
to the previously discussed cases. This is consistent with the B flux being now the limiting factor for
2D-BN growth. The overall conditions are then nitrogen-rich (incident precursor flux ratio B/N < 1)
and all B atoms reaching the surface participate to the 2D-BN growth. SEM observations show that
the amount of granulous 2D-BN is reduced (see figure 2d). Since growth with a B-cell set at 1700°C
(1800°C respectively) corresponds to N-rich (B-rich) incident precursor fluxes, the intermediate case
with the B-cell at 1760°C is probably the one closest to the B/N ~1 stoichiometric precursor flux
conditions (which are gathered in the last column of table 2). We have chosen to study next the growth
of 2D-BN under a moderately B-rich environment (Tg=1800°C), to avoid the incorporation of excess
B obtained with higher fluxes while preserving the possibility to increase the plasma cell active N flux

for material optimization.

Besides the B/N flux ratio, another critical parameter is the growth temperature, which may affect
the BN stoichiometry, the BN thickness as well as the film morphology. From the analysis of the XPS
spectra, the higher temperature to grow 2D-BN on Ni is 900°C, above which the B and N sticking

coefficients are significantly reduced and their incorporation is no longer balanced. In this last case, a



very thin non-stoichiometric BN sub-coverage layer is only grown (for which B/N > 1.5, see table 3).
At 800°C and 900°C, stoichiometric BN films are obtained. The 2D-BN layer estimated thickness is
reduced at 900°C compared to 800°C (see figure 3 and table 3), suggesting that a limited sublimation
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Figure 3: XPS measurements of 2D-BN samples grown with the B-cell temperature set at 1800°C and
the nitrogen plasma cell at 1.5 sccm N2 and 540 W RF power for one hour, as a function of the growth

temperature TG, N1s range (a) and B1s range (b).

of adsorbed B and N atoms is already occurring at 900°C, although it does not affect the stoichiometry
of the 2D-BN. Despite the reduced estimated thickness obtained at the highest usable growth
temperature of 900°C, the corresponding increase of the B and N adatom surface mobility is expected
to result in an improvement of the 2D-BN domain crystallography. Growing 2D-BN at 800°C not only
yields granular material in many Ni grains but also tiny obtuse triangular islands with a long side up to
7 um (see figure 2c). Increasing the temperature to 900°C results in smoother 2D-BN and most
importantly to well defined triangular islands with maximum side length of ~10um (see figures 4a and
4b). These observations of the evolution of the 2D-BN domain shape towards more regular triangles
while increasing the growth temperature are consistent with the results already presented [15]. Figure
4c shows the Raman measurements recorded at several spots on the sample surface (indicated by
colored arrows in figure 4b). The triangular domain 2D-BN peak intensity at ~1370 cm™ clearly
increases with the 2D-BN thickness while the peak full width at half-maximum decreases down to 14
cm™. It is important to point out that the measurements carried out in the dark regions in the SEM
figure 4b do not show any 2D-BN Raman signature. For the darkest zones, which correspond to single
layer areas, this results from the coupling between the first BN layer and the Ni substrate, which
makes the BN metallic [9, 11]. For few layer 2D-BN, the Raman peaks were not detected either, most
probably because the 2D-BN thickness is very low, as already discussed [29, 18]. Therefore, the
optimum growth temperature for 2D-BN on Ni is 900°C and has been used for all samples described

in the followings.



growth temperature XPS B/N ratio 2D-BN thickness

(°C) (monolayer)
800 1.03 4.4
900 1.01 2.8

930 or 960 >1.5 no BN

Table 3. The B/N composition ratio and the 2D-BN average thickness determined from the XPS

analysis of the intensity ratios lgis/Inis , ls1s/Inizp @nd Inas/Inizp @s @ function of the growth temperature.
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Figure 4: (a) SEM image of a 2D-BN sample grown at 900°C during 1 hour under fixed nitrogen
plasma conditions (1.5 sccm N2, 540 W) and B-cell temperature (1800°C) (scale bar 50 um), (b) zoom
(scale bar 10 um) in the central area of panel (a), where arrows point to the areas where the Raman
spectra shown in (c) were measured. No BN Raman signal (red curve in panel c) could be detected in
the darker areas shown in (b) (see red arrow in the lower right corner).

The influence of the nitrogen plasma cell settings (N, flux and RF power) was studied under a
moderately B-rich growth environment (Tg=1800°C), so that variations on the flux of the nitrogen



active species could be directly observed. We studied three plasma-cell settings (see table 1). Settings
a (1.5 sccm Ny and 540 W) and b (5 sccm N, and 480 W) result in identical plasma optical intensities
(~2.5 V) from a very different combination of N, flux and RF power, while settings ¢ (5 sccm N, and
580 W) was selected to obtain the highest plasma optical intensity (~3.1 V) allowed by the set-up.
From the analysis of the XPS measurements shown in figure 5 and of the corresponding intensity
ratios lgis/Inis, the 2D-BN composition is found to be stoichiometric for the three plasma-cell settings.
In the case of the two samples grown with the same optical plasma intensity (settings a and b), one
observes a limited change on the relative intensities of the coupled and uncoupled components (figures
5a and 5b), and the average thickness estimated from the XPS integrated intensities are identical (see

figure 5c). For settings ¢ for which the plasma emission is the most intense, an average ~40% thicker
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Figure 5: 2D-BN films grown for one hour at 900°C with the B-cell set at 1800°C using different
plasma-cell settings, a (1.5 sccm N2 flow, 540 W RF power, green curve), b (5 sccm, 480 W, orange
curve) or ¢ (5 sccm, 580 W, black curve), corresponding XPS spectra in the N1s (a) and B1s (b)
ranges. All three conditions yield stoichiometric 2D-BN. Panel (c) displays the 2D-BN average
thickness vs the optical plasma intensity for all three plasma-cell settings for one hour growth (the
dashed line is just a linear guide). Typical Raman spectra measured on the thickest triangular

domains for one hour grown samples are shown in panel (d), with indication of the Lorentzian fit full-



width at half-maximum (spectra are vertically shifted for clarity). The same color code is used in all

panels for identifying the plasma-cell settings.

2D-BN layer is obtained, if compared to the thickness for the a and b settings (figure 5¢). This directly
comes from the active N flux increase for settings c. The 2D-BN estimated thickness is
approximatively proportional to the optical plasma intensity (see figure 5c), although the limited range
explored does not allow for a definitive conclusion at this time. This linear correlation suggests that
the precursor fragments active for the growth of 2D-BN are the monoatomic nitrogen atoms
responsible for the light emission in the wavelength range measured by the detector. A similar
behavior was already mentioned in a study of the growth of GaN films using a similar optical plasma
intensity detector [30]. Typical Raman spectra were recorded at the triangular domains which appear
with a white contrast in SEM pictures (see figure 4b and 6d), corresponding to the thickest 2D-BN
domains. They are shown in figure 5d for the three plasma-cell settings. A slightly wider peak was
measured for settings a. Also, a significantly more intense peak was observed with settings c, which
could be partially explained by the relative thickness increase compared to the other settings a and b.
This set of observations shows that the plasma-cell settings c lead to the best quality material.

Therefore, we now focus our attention on samples grown using these settings.

SEM images in figure 6 show how the 2D-BN morphology evolves with the growth time using the
optimized growth parameters found in the previous experiments. With our set-up, this corresponds to a
growth temperature of 900°C, a boron cell temperature of 1800°C and a plasma-cell working at 580 W
RF power with a 5 sccm N, flow, We observe on the low magnification images (figures 6a to 6¢) that
the BN domains get more densely packed with growth time, although the coverage is not yet
homogenous after 4 hours. The 2D-BN triangular domains are easily found at higher magnification
(figures 6d to 6f), showing their horizontal as well as stacking structure. This set of images shows that
the maximum 2D-BN domain size increases from ~12 um (1 h, figure 6d) up to ~24 pum (4 h, figure
6f). Lateral growth of the 2D-BN is still effective after 4 hours, although it is slowing down. It must be
also mentioned that a complete homogeneous coverage is not obtained when the different domains
start to coalesce. A similar structure involving triangular domains was already reported for growth of
2D-BN on identical polycrystalline Ni foils but from a different set of precursors, gaseous borazine
and activated nitrogen [18]. The current observations confirm the role of the Ni grain orientation on

the 2D-BN structure previously discussed [18].



Figure 6: 2D-BN optimized growth at 900°C with B-cell set at 1800°C and N-plasma power and N2

flux set at 580 W and 5.0 sccm respectively, as a function of the growth time of 1 h (a,d), 2 h (b, ) and
4 h (c, f). SEM images with 100x magnification show the overall film morphology on polycristalline Ni
consisting of triangular domains and granulous areas (a,b,c, scale bars 100 pum)). Zoom with a higher
magnification (1540x) show the 2D-BN triangular domains being stacked onto each other (d, e, f,
scale bars 10 pum).



4, Conclusions

We performed a thorough study on the growth conditions of 2D-BN on Ni foils using boron and
nitrogen elemental sources in a plasma-assisted MBE set-up. The strong hybridization between 2D-
BN and nickel, already observed when using the gaseous precursor borazine, also occurs in this case,
as shown by XPS measurements. The binding energy difference between 2D-BN coupled and
uncoupled components is around 1 eV. The B/N precursor flux ratio plays a fundamental role on the
2D-BN properties. It can be tuned by adjusting the B cell temperature as well as the N-plasma cell
settings (RF power and N, flow). Under highly B-rich conditions, boron in excess is incorporated in
the growing film, intermixed with BN which is not stoichiometric. When using almost well-balanced
B and N flux, from slightly B-rich to slightly N-rich, 2D-BN is grown with a limited amount of
residual boron bonded with Ni, either located at the interface or diffused into the Ni matrix. The N
precursor flux depends on two independent physical parameters, the RF power and the N, flow. Our
results suggest that the optical plasma intensity measured in the monoatomic nitrogen spectral
emission range is a well-suited parameter to quantify the average growth rate, regardless of the N, flux
and RF power combination. Using our optimized growth conditions, regular 2D-BN triangular
domains are obtained, showing typical sizes up to 24 pum. The 2D-BN growth takes place mainly by
stacking BN domains on top of each other with a limited lateral extension of the domains. This clearly
does not correspond to a layer by layer growth mode, and leads to a rather heterogeneous 2D-BN film

on Ni.
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