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We report that few-layer hexagonal boron nitride (h-BN) nano-
sheets can be produced by using a surface segregation method. The
formation of h-BN sheets is via an intermediate boron—nitrogen
buffer layer. Our results suggest that surface segregation of boron
and nitrogen from a solid source is an alternative approach to
tailoring synthesis of h-BN sheets for potential applications such as
in graphene electronics.

Few-layer two-dimensional (2D) boron nitride (BN) sheets are
drawing a great deal of attention owing to graphene technologies and
their superb chemical stability and intrinsic insulation. Use of
hexagonal boron nitride (h-BN) thin film as a thin top dielectric layer
to gate graphene and as an inert flat substrate for graphene transistors
could significantly improve device performance.! Boron nitride shows
a similarly structured carbon lattice while consisting of an equal
number of boron and nitrogen atoms. Hexagonal BN is comprised of
alternating boron and nitrogen atoms in a honeycomb arrangement
consisting of sp’>-bonded 2D layers. Hexagonal BN powder is tradi-
tionally used as a lubricant. Due to its good electrical insulation
property, h-BN has also been applied as a charge-leakage barrier
layer for electronic equipment. It also shows far-ultraviolet light
emission, possibly due to its direct wide band gap (about 5.9 eV).2 BN
nanosheets have been fabricated by mechanical exfoliation,** liquid
phase sonication,**® and chemical vapor deposition on various metal
substrates.'"¢ Surface segregation by heat treatment of doped bulk
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samples to synthesize graphene** and h-BN3*3¢ dates back several
decades, and now carbon segregation has become one of the most
important approaches for producing extended single-layer
graphene.*’

Previously, BN thin films have been synthesized via surface segre-
gation, that is, vacuum thermal treatment of iron—chromium-nickel
(Fe—Cr—Ni) alloys doped with boron (B) and nitrogen (N). As a result,
its inert effect in ultrahigh vacuum applications was demonstrated.*
As characterized by Auger electron spectroscopy (AES) and electron
diffraction, the synthesized BN films had a hexagonal structure with
a preferred orientation, and they tended to cover a substrate surface
with their (001) basal plane.?>*¢ However, few high-resolution electron
images of such synthesized h-BN films have been reported.®
Furthermore, the phenomenon involved in boron and nitrogen
segregation is not so clear.’**3¢ Some reports showed that nitrogen
segregation precedes boron segregation, that is, nitrogen is segregated
first and traps boron to form epitaxial h-BN films,*** whereas others
showed that nitrogen and boron precipitate together on the surface
and then epitaxially form h-BN films or that boron and nitrogen
precipitate directly as epitaxial h-BN films.3® Previous work was
focused on the growth of thick h-BN films for an inert ultrahigh
vacuum application. In the present paper, we report formation of
monolayer and few-layer h-BN nanosheets by segregation of boron
and nitrogen atoms from a bulk Fe-Cr—Ni alloy doped with B and N.
Our high-resolution electron microscope images show that triangular
h-BN nanosheets can be formed in a layer-by-layer manner, and the
growth is independent of the crystallographic orientation of the
polycrystalline Fe-Cr—Ni alloy. A boron-nitrogen (B-N) buffer layer
co-existing with sulfur (S) atoms is observed, and transformation of the
buffer layer into h-BN layers is proposed as the growth mechanism.
The synthesized h-BN sheets exhibit high oxidation resistance of the
alloy in air. These results suggest that surface segregation of boron and
nitrogen from a solid source is an alternative approach to tailoring
synthesis of h-BN sheets with potential for fine control over number of
layers, shape, and structural quality.

Fig. 1 shows a typical scanning electron microscope (SEM) image
of the h-BN sheets produced under the conditions described in the
Experimental section. Monolayer and few-layer h-BN nanosheets
were formed at the same sample (see ESI, Fig. S1t), suggesting the
possibility to control the size and the number of h-BN sheets by
further optimization of the synthesis process conditions, such as
treatment temperature and time, cooling rate, and dopant concen-
trations. It is clear that individual h-BN domains can be grown either
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Fig. 1 Typical SEM image of h-BN nanosheets synthesized by surface
segregation from Fe-Cr—Ni alloy doped with boron and nitrogen.

across various substrate domains or on a single substrate domain (see
ESI, Fig. S1+), indicating the grain boundary is not the only channel
for nitrogen and boron segregations. Furthermore, the growth of h-
BN layers can exactly follow the steps of the substrate. These features
are significant from the viewpoint of industrial applications, in
particular, the requirement of seamless coating. In addition, BN
nanoscale wires or ripples can continuously grow over different
layers, in or on a layer without a preferable growth direction (Fig. 1
and see ESI, Fig. S17).

AES spectroscopy was used to characterize the h-BN sheets. As
shown in Fig. 2, the line shapes, i.e., the green and blue curves, of B
(KLL) (Fig. 2b) and N (KLL) (Fig. 2c) AES spectra resemble those
given in previous reports on h-BN films,*?3* suggesting h-BN sheets
were successfully synthesized. However, the shapes of the red curves
(Fig. 2b and c) do not appear like the characteristics of the h-BN
layer. It is thus assumed that this layer is a buffer or intermediate B-N
layer, as discussed later. An inelastic attenuation model®*** was used
to estimate the thickness of the h-BN sheets by using an Fe (LMM)
Auger transition with an electron inelastic mean free path of 1.2 nm

for iron at 703 eV.* The estimated h-BN sheet thicknesses are 0.31,
0.65, and 0.91 nm, corresponding to the buffer layer, mono- and bi-
layer BN stacks (Fig. 2a), respectively. We also used Raman spec-
troscopy to identify our synthesized sample as h-BN (Fig. 2d). The
Raman spectra were acquired from the edge to the center points of
one BN domain, which corresponds to the increase of the peak
intensity. The peak position (1367 cm™') associated with the E,,
phonon mode and analogous to the G peak in graphene and shape is
identical to the Raman feature of the mechanically exfoliated h-BN
sheets.*! Despite the change in peak intensity, it is difficult to exactly
determine the number of the h-BN layers because of the poor spatial
resolution of the optical microscope system.

Using electron diffraction techniques, most of the previous studies
suggested epitaxial growth of h-BN on Fe-Cr-Ni3** with the
basal plane (001) of h-BN covering the substrate surfaces:
(0001),Bn||(111)fe ge. Previous results suggested that surfaces of
different crystallographic orientations can behave differently as sites
for solute segregation in iron-based alloy systems.** We used electron
backscatter diffraction (EBSD) to investigate the effect of the crys-
tallographic orientation of the substrate on the formation of h-BN
sheets. As shown in Fig. 3, the Fe-Cr—Ni substrate consists of varying
crystalline domains with different orientations and sizes. Corre-
sponding to the SEM image (Fig. 3a) and the image quality (Fig. 3b),
the EBSD map (Fig. 3c) suggests that the crystallographic orientation
of the substrate has no obvious influence on the formation of the h-BN
sheets. However, the stacking of individual h-BN layers is highly
oriented in a layer-by-layer manner. Although the quality of grown h-
BN sheets needs further evaluation, the present results imply that h-
BN layers can be easily synthesized on a polycrystalline Fe-Cr—Ni
substrate.

To shed light on the segregation mechanism for forming h-BN
layers, AES spectra, correlated with high-resolution SEM images and
AES element mapping, were used to investigate surface segregations of
sulfur, boron, nitrogen, iron, chromium, nickel, and other elements.
As seen in Fig. 2e and f, the atomic concentration ratio between the B
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Fig.2 Characterizations of h-BN nanosheets. (a) SEM images. The coloured points correspond to the colored curves in (b) and (c), showing where the
AES spectra were obtained, and indicate substrate, buffer layer, monolayer h-BN, and bilayer h-BN regions. (b) B (KLL) spectra. (c) N (KLL) spectra.
(d) Raman spectra of h-BN nanosheets on Fe-Cr—Ni substrate. The five spectra with increase of the peak intensity are obtained at the locations from the
edge to the center points of one BN domain, respectively. (e) Elemental evolution without sputtering. 0.5 shown in the x-axis corresponds to the BN buff
layer. (f) Elemental evolution after sputtering of 0.4 min. 0.5 shown in the x-axis corresponds to the BN buff layer.
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Fig.3 Electron backscatter diffraction (EBSD) characterization of the effect of crystallographic orientation of the substrate on the formation of h-BN
sheets. (a) SEM image. (b) Image quality. (c) EBSD pattern. Inverse pole (% k /) map plus grain boundaries in the sample direction of [RD TD ND] =
[001], indicating that Fe-Cr-Ni grains are in various orientations. The inset shows crystal direction.

and the N determined from the mono- and bi-layer h-BN covering
regions, as well as from the substrate surface, is equal to one. Whereas
the atomic concentration of B obtained from the B-N buffer layer
region is about 113.7% of that of N. Note that the bulk concentration
of N in the Fe-Cr-Ni is much higher than that of B (see the Experi-
mental section). This small difference between the atomic concentra-
tions of B and N at the buffer layer region might suggest that boron
and nitrogen were not simultaneously segregated. Furthermore, the
atomic concentration of Cr is about 202.4% that of N. The decrease in
the Cr concentration with the presence of the B-N buffer layer and
varying number of the h-BN layers is believed to be due to Auger
electron attenuation. This confirms the full B-N buffer layer has
a different structure and different composition from those of the
mono- and bi-layer h-BN. Together with the line shapes of the N
(KLL) and Cr (LMM), this result also suggests metastable chromium
nitrides do not form.** This observation is different from previous
models** that were based on surface concentrations of B, N, Cr, and
other elements only, without spatial correlation of the AES spectra to
the location of non-homogenous h-BN films. Note that the heat
treatment of our sample was different from that used in previous
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experiments. Despite this difference, our observation sounds reason-
able if the different diffusion coefficients of boron and nitrogen in iron
are considered. For example, diffusion coefficients of boron and
nitrogen at 720 °C are estimated to be about 3 x 10~ ¥cm?s~"and 1 x
10~? cm?s~!, respectively.> These studies suggest that not only the bulk
concentrations of boron and nitrogen atoms* but also heat treatment
influences the formation of h-BN layers.

The elemental mapping (Fig. 4) indicates stronger signals for the S
and Ni atoms in the regions covered with the B-N buffer layer as
compared to the surrounding regions, ie., the substrate and the h-BN
regions. The variation of the S and Ni concentrations in these regions
(Fig. 2e and f, and see ESI, Fig. S2 and S3) cannot be simply
explained by the attenuation effect of the Auger electrons. However,
the sulfur atom showed different segregation behavior from the nickel
atom. We observe much stronger sulfur signal at the substrate and
the B-N buffer layer regions than that at the h-BN covering regions
(Fig. 2 and 4). And the S concentration at the B-N buffer region is
about three times that at the substrate region, suggesting that S atoms
reside in the B-N buffer layer, but not in the h-BN layers, different
from previous observation.* The disappearance of S in the h-BN and
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Fig. 4 Auger elemental mapping acquired at the non-sputtered surface. (a) SEM image showing where the Auger maps were obtained. (b) N (KLL)
map. (c¢) B (KLL) map. (d) C (KLL) map. (¢) O (KLL) map. (f) S (KLL) map. (g) Fe (LMM) map. (h) Cr (LMM) map. (i) Ni (LMM) map.
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at its covering region is believed to result from its dispelling after the
formation of h-BN layers* because of high stability of h-BN. In the
case of nickel, its concentration at the region covered with the B-N
buffer layer is about twice that of the other regions for the non-
sputtered surface (Fig. 2e) and the surface after sputtering for 0.4 min
(Fig. 2f). By contrast, after sputtering for totally 1.9 min, the Ni
concentration at the B-N buffer layer location is about 90% of that
at other regions (Fig. S47). These results suggest that Ni atoms might
also be present in the B-N buffer layer or enriched just underneath it.
The nickel enrichment was reported to be coupled with the precipi-
tation of boron.*® The oxygen (O) signal is mostly originated from the
air exposure and thus oxides were formed. Examination of the
distribution of the O (KLL) signal (Fig. 4e), we find that the oxygen
could diffuse into the h-BN sheets from edges and grain boundaries,
suggesting that high-quality h-BN sheets could have high oxidation
resistance and h-BN layers can be used as passivation layer for
blockage of diffusion and resistance of oxidation.

On the basis of the above analysis, we propose a new model for the
mechanism of surface precipitation of h-BN with segregated boron
and nitrogen atoms from the iron alloy (Fig. 5). In the first stage, an
intermediate B-N layer forms, in which surface active sulfur atoms
competitively present. In the second stage, the intermediate B-N layers
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Fig. 5 Proposed model for the mechanism of surface precipitation of
h-BN. In the first stage, an intermediate B-N layer, mixed with sulfur
atoms, is formed. In the second stage, h-BN monolayer is formed by
transformation of the B-N buffer layer, and S atoms are dispelled from
the h-BN region. In the third stage, the second h-BN layer is formed
underneath the first h-BN layer. h-BN film grows in a layer-by-layer
manner and expands in each layer. In the intermediate or buffer layer,
there is competition between nucleation of BN and existence of sulfur
atoms. Once h-BN is formed, S atoms can be expelled from the h-BN.

transform to h-BN monolayer that simultaneously dispels S atoms
away from it, thereby a new intermediate B-N buffer layer forms. The
third stage is the continuous crystal growth of h-BN at the intermediate
BN layer/alloy interface in a layer-by-layer manner and in each plane.
The segregation picture shows discrepancy from previously proposed
models.*** Tt is concluded that understanding of the segregation
process will be helpful to tailor synthesis of high-quality h-BN sheets
by the present surface segregation method.

We have demonstrated that the h-BN layers via an intermediate B—
N buffer layer mixed with sulfur atoms were formed by surface
segregation of boron and nitrogen from an iron—chromium-nickel
alloy. Moreover, a new segregation model for synthesis of h-BN
nanosheets was proposed. This surface segregation offers a simple and
cheap pathway for mass production of mono- or few-layer h-BN films
on metals or alloys containing trace amounts of boron and nitrogen
atoms. Similar to production of graphene films with fine control over
the crystalline structure and number of layers, this segregation
approach may hold the potential for achieving high-quality h-BN
layers with precise numbers of h-BN layers by optimizing boron and
nitrogen contents in the bulk sample and heating program.

Experimental section
Segregation growth of h-BN layers

The h-BN sheets were grown by heat treatment of a iron (67 atomic
%)—chromium (18.5 atomic’o)-nickel (12.4 atomic%) alloy doped
with boron and nitrogen at concentrations of 0.05 and 0.6 atomic%s,
respectively. The alloy also contained traces of sulfur (0.002 atomic
%), carbon (0.046 atomic%o), molybdenum (1.4 atomic’o), manganese
(0.8 atomic%), and other impurities.®* The iron—chromium-nickel
alloy with boron and nitrogen dopants was firstly electropolished to
minimize surface roughness and then degreased by ultrasonic clean-
ing in acetone. To grow h-BN layers under ultrahigh vacuum, the
specimen was heated to 1000 °C within 5 min and kept at that
temperature for 5 min. After that, the specimen was cooled by turning
off the power supply. After the preparation, the sample was exposed
to ambient air and transferred for characterization.

Scanning Auger electron spectroscopy (AES)

AES measurements were performed simultaneously with scanning
electron microscopy (SEM) at room temperature with a scanning
Auger electron spectroscope (ULVAC-PHI model SAM650) with
a cylindrical-mirror analyzer. The take-off angle of the instrument
was 42°. SEM images were acquired with a primary electron beam of
10 kV. To subtract the background from the direct Auger spectrum,
differential energy spectra were used. Differential dNV(E)/dE Auger
spectra were obtained by numerical derivation of the direct N(E)-
integrated Auger data displaying an absolute scale with counts/
second units by a universal Savitzky-Golay differential filter using
five points.

Scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD)

SEM image and EBSD analysis of the crystallographic orientation of
the iron—chromium-nickel grains with h-BN layers were carried out
using a JSM-7001F field-emission scanning electron microscope with
an accelerating voltage of 1 to 10 kV.

This journal is © The Royal Society of Chemistry 2011
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Raman spectroscopy

Raman spectra were recorded with a RAMAN-11 system (Nano-
photon Corp., Japan), which illuminates a line-shaped area on the
sample with a line-shaped laser beam. Raman scattering light from
the line-shaped area on the sample was simultaneously detected by
a parallel detection system. The scattering signal was dispersed with
a Czerny-Turner type spectrometer (f = 500 mm, the focal length of
the spectrometer) and detected with an electrically cooled charge-
coupled device (CCD) detector (400 x 1340 pixels). The excitation
source was a 532 nm laser with a power setting <1.0 mW to avoid
laser-induced damage. The lateral resolution was about 350 nm
focused by a x 100 optical lens (numerical aperture of 0.9), and the
spectral resolution was about 1.6 cm™'. From a Raman map, Raman
spectrum at each pixel point can be collected and analyzed.
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