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ARTICLE INFO ABSTRACT

We have reported on the implantation of boron ion into hexagonal boron nitride (h-BN) material to aid the
nucleation of cubic boron nitride nanocrystals (nc-BN).Single crystal h-BN was implanted with boron ion at
150 keV at fluences of the order of 10*® and 10'7 ions/cm? at room temperature. High Angle Annular Dark-Field
Scanning Transmission Electron Microscopy (HAADF-STEM) mapping showed a variation in image contrast in
samples irradiated to a fluence of 1 x 10'®ions/cm?® As predicted by Stopping Range and Ions in Materials
(SRIM) calculations, the implanted region with the highest damage density appeared to have a bright contrast in
HAADF-STEM which represented the high density ¢-BN symmetry. High Resolution Transmission Electron
Microscopy (HRTEM) and electron diffraction measurements showed regions with nc-BN for samples implanted
with low fluences and amorphous BN after implantation with high fluences indicating a fluence-related phase
transition in BN. Raman spectroscopy showed the emergence of longitudinal optical frequency mode associated
with ¢-BN after implantation.
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1. Introduction

The search for materials with unique properties continues unabated
due to increasing demand, especially in the modern high temperature-
high frequency microelectronic device fabrication, coating materials for
heavy duty applications, optical device fabrication, the abrasive sub-
sector and the beauty and fashion industries. Diamond and its compo-
sites have been widely used over the years for most of the above
mentioned applications. Unfortunately, these materials are not appro-
priate for some applications such as machining tools made of ferrous
alloys, due to the high chemical reactivity of C to Fe at elevated tem-
perature temperatures [1-5]. As such, the possibility of synthesizing
materials with ultrahardness and properties similar or superior to dia-
mond has become of great interest to the Material Science community.
Over the years, this search has indicated that to synthesize stable ma-
terials which have hardness greater than or equal to diamond is a great
challenge. Research is therefore being focused on the synthesis of ma-
terials with phases that are almost as hard as diamond, but with pos-
sibly other qualities that are superior to diamond in other respect.

Cubic BN is an important material because of its properties such as
super hardness 75 GPa [6-8] high thermal stability for temperatures up
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to 2700 °C, thermal conductivities of about 13 W/m K and low dielectric
constant [9-12]. It is a better semiconductor as compared to diamond
and other commonly used semiconductors such as Si and GaN in-
cluding, wide indirect band gap of 6.5 eV, can be doped as a shallow p-
type semiconductor with Be and Mg and as an n-type with Si and Zn
[13,14]. It is inert with regards to ferrous materials even at high tem-
peratures while diamond forms iron carbide at about 600 °C [3,5].These
properties have motivated the use of ¢-BN in numerous industrial,
chemical and electrical applications [15-18].

Hexagonal boron nitride (h-BN), one of the allotropes of BN, has
been used as a significant starting material for the nucleation of the
cubic BN material [19,20]. Theory and experimental studies have
shown that introducing defects into h-BN induces stress levels that may
be responsible for the symmetry change into ¢-BN and other BN poly-
morphs. Mosuang et al. [21] in their study using ab-initial Local Density
Approximations predicted that simple defects introduced into h-BN
could facilitate a low activation energy for the formation of c-BN. Ji-
menez et al. [22] reported that 2keV Ar ions at a fluence of
2 x 10'7ions/cm? led to a significant proportion of sp® characteristics
found in ¢-BN. Hu et al. [23] obtained pure ¢-BN by implanting
30keV N at a fluence of the order of 10'® ions/cm?. Machakaet al. [24]
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in their study found that He ions implanted at 200 keV and fluences up
to 10'®ions/cm? resulted in a h-BN to ¢-BN symmetry changes with
traces of rhombohedral polymorph (r-BN) also detected after im-
plantation. Lehtinen et al. [25] irradiated medium energy Ar into BN
nanotubes and found that by varying the fluence, the material trans-
formed into either c-BN nanocrystals or to amorphous (a-BN). Cataldo
et al. [26] showed that neutron induced damage led to a hybridization
change from sp? to sp® and also a certain degree of amorphization at
high fluences. Ion induced phase transition have also been reported in
phase transformation of other materials. Derry et al. [27] showed an
increase in hardness values of h-BN after implantation with different
ions. The transition of graphite to diamond by ion implantation has
been reported in [28]. By ion implantation, lattice disordering and
amorphization has been observed in TiN [29], ZrN [30], CusN [31] and
GaN (200 MeV Au ions) [32]. In this work we use moderate energy B
ion implantation as a technique to promote h-BN to c-BN nucleation and
characterize samples using TEM.

2. Experimental

Single crystal h-BN samples, supplied by HQ Graphene (http://
www.hqgraphene.com/h-BN.php) were used as substrate/starting ma-
terials in this work. The samples were ~2 mm? flakes with thickness of
approximately 500 um.

Damage distribution was simulated using the Stopping Range of Ions
in Matter (SRIM-2013) Monte Carlo computer code [33]. Damage
density was calculated with the method used by [34] using the detailed
damage calculation option of SRIM up to 2000 ions. The displacement
energies were set at 15 eV for boron and 14 eV for nitrogen and with
lattice and surface binding energies set to 0 eV and the sample thickness
set to 700 nm.

Ion implantation was used as a method to introduce B ions into h-BN
at 150keV and to a maximum fluence of 1 X 107 ions/cm? at a dose
rate of ~10'ions/s at room temperature. A Varian 200-20A2F ion
implanter [35] located at iThemba LABS (Gauteng), in Johannesburg,
was used for the implantation experiments. Boron ions were obtained
from boron trifluoride gas ionized in the ion source chamber of the ion
implanter and selected by the implanter's mass analyser magnet.

To obtain electron transparent samples for cross-section TEM mea-
surements, the samples were prepared by the focused ion beam sec-
tioning (FIB) method, using a FEI Helos 650 Nanolab, fitted with a Ga
ion beam source for milling and polishing. A gas injection system uti-
lizing C gas precursor gas was used for attachment of lamellae to the
grid. Special care was taken during thinning and polishing (10 pA final
thinning current) to minimize any beam induced damage to the spe-
cimen.

Due to low doses used in this experiments, the sp® coordinated re-
gions may be limited or sparingly distributed within the h-BN matrix
making conventional TEM analysis challenging [36,37] except under
very high magnification as used in HRTEM here. The High-Angle An-
nular Dark-field (HAADF) analyses that operate in the Scanning
Transmission Electron Microscopy (STEM) mode was employed to
characterize the microstructure of the sample since the contrast of the
image correlates strongly with the sample's density [38]. This method is
important in visualizing stress regions and identifying defects, ad-atoms
and impurities with different weights from the surrounding pristine
material. The materials/regions in the material with high density have
a high contrast as compared to the low density regions. The HAADF
STEM uses high incoherent, elastically scattered electrons to record
images with different atoms giving different Z contrast/intensity.

The samples were analysed using high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM), high re-
solution TEM (HRTEM) and Raman spectroscopy. The FEI Quanta F20
TEM located at the University of the Western Cape, South Africa was
used for all the TEM analyses. All experiments were conducted at
200 kV using a probe size of 0.19 nm. For HAADF analyses, a Fischione
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scintillator-photomultiplier HAADF detector, fitted into the wide-angle
port located just below the final lens and above the projection chamber
of the S-TWIN column of the microscope. The STEM imaging was done
using a 60 um C2 aperture, which yields a narrow convergence angle
(o) of 10 mrad, and a camera length of 220 mm. Since no EELS ex-
periments were conducted, the collection semi-angles () were not
considered as only the high angular scattered electrons (both elastic
and inelastic) are used for HAADF imaging. Hence it was not necessary
to record the collection semi-angle.

Room temperature Raman spectroscopy measurements were carried
out using the Horiba Jobin-Yvon Raman Spectrometer, located at the
Microscopy Unit, University of the Witwatersrand. The 1800 groove/
mm grating and a nitrogen cooled CCD detector were used, and the
results analysed by interfaced PC software. The absorption coefficient
(@) is used to determine the laser penetration depth (p), using the re-
lationship p = a~!. Therefore, a 1pum penetration depth p for the
514 nm (2.14 eV) photon with a 20 mW power was sampled with oy, gy
in the order of 10*cm ™! [36,39].

3. Results
3.1. HAADF-STEM and HRTEM

Fig. 1 represents HAADF STEM image for h-BN specimens (a) un-
implanted and (b) implanted with B at 150keV and a fluence of
1 x 10'®ions/cm?, showing a cross-sectional length of about 700 nm
from the sample's surface (region below platinum layer). Fig. 1(c) and
(d) are the corresponding electron intensity profile (plotted using Im-
ageJ (FLJI) software [40]) across the samples' surfaces indicated by the
blue lines in a and b, while Fig. 1(e) represents the SRIM calculations
for the damage density profile for B implanted h-BN at 150 keV with
equivalent fluence, from the surface to the end of range of implantation.

The bright spots in the unimplanted image in Fig. 1(a) may be due
to damage from Ga ions used in FIB sample preparation. Region 1
shown in Fig. 1(b), about 100 nm from the surface shows a low contrast
region while region 2, which is about 400 nm below the surface shows a
bright contrast. Region 1 corresponds to the region 1 in SRIM Fig. 1(e)
which is a region of low damage density. Since low contrast represents
regions with low density we suggest that region 1 is composed mostly of
the low density sp> bonded h-BN. The high contrast in region 2 indicates
a higher density in the material, which we attribute to be composed of
some sp® bonded high density c-BN. The width of this region is ap-
proximately 100 nm which corresponds to the region with maximum
implantation damage highlighted as the shaded region under the curve
in SRIM in Fig. 1(e) about 400 nm below the samples surface. There-
fore, we attribute the changes in h-BN resulting to ¢-BN symmetry
change to be maximum within the implanted region. The corresponding
electron intensity profiles are consistent with the differences in the
contrast changes across the samples with the unimplanted profile
showing a relatively constant electron intensity with depth while the
implanted profile shows an increased intensity at about 400 nm corre-
sponding to the implanted region.

Fig. 2 represents the HRTEM images for h-BN sample implanted to a
fluence of 1 x 10'®ions/cm® Fig. 2(a) is the image taken 700nm
below the surface of the material. The image shows lattice fringes with
lattice spacing of 0.255 = 0.005nm, which matches the lattice para-
meter of h-BN [41,42]. The inset represents the selected area diffraction
pattern for h-BN in the {0002} plane. From SRIM, this area is beyond
the implanted region therefore it is expected that the region is com-
posed of mainly pristine h-BN agreeing well with the HRTEM images.
Fig. 2(b) represents the HRTEM image taken 350 nm below the surface.
This region corresponds to region 2 in both SRIM and HAADF images
(Fig. 1), which are the regions with maximum damage and of low
contrast respectively. The lattice parameter for the region (indicated by
the arrow) is about 0.310 + 0.005nm which corresponds to the lattice
parameter for c-BN [13], suggesting that this region contains nc-BN.
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Fig. 1. HAADF STEM micrograph for single crystal h-BN (a) unimplanted and (b) implanted with B at 1.5 X 10'®ions/cm? and 150keV (c and d) corresponding
surface plot for unimplanted and irradiated samples respectively and (e) SRIM simulation showing the damage profile for h-BN sample implanted with 150 keV B ions
to a fluence of 1 x 10'®ions/cm? The highlighted region represents the region with the maximum damage. (Scale bar in (a) applies for both micrographs).

The big lattice fringes in Fig. 2(b) are Moiré fringe due to crystal
overlap. The selected area diffraction pattern (SADP) of this region
could not reveal any difference in the diffraction pattern (DP) compared
to h-BN, probably due to minute size of the region, therefore, the nano-
beam diffraction (NBD) mode was used to acquire DP from specific
areas in the implanted region and the inset in Fig. 2(b) shows a cubic
NBDP in the {111} plane for ¢-BN taken within the highlighted region.

3.2. Raman measurements

Fig. 3(a) represents the Raman measurements of unimplanted single
crystal h-BN sample. The spectrum illustrates a Raman phonon mode
signal centred at 1367 cm ™. This feature represents the high-energy
E; symmetry Raman-active phonon mode which arises from the in-
plane B—N bond stretching within the basal plane [36,43]. Fig. 3(b)
represents the Raman spectrum for the sample implanted with 150 keV
B to a fluence of 1.5 X 10'®ions/cm> Together with the phonon peak
at 1367 cm ™!, there occurs a new feature centred at 1298 cm ™. This
features has a distinctively lower intensity and a more asymmetric line

broadening than the principal h-BN line.

Raman measurements under similar conditions of temperature and
energy for different fluences have been reported in [37,44]. The Raman
lineshape and position for c-BN will vary depending of the size of the
crystals being analysed. Cubic BN with size > 500nm shows two
phonon modes: the Transverse Optical (TO) line which occurs at
~1057 cm ™! and the Longitudinal Optical (LO) line which occurs at
~1305 cm~ ! [45]. If the ¢-BN contains micron and nano-size crystals,
the Raman spectrum will display a TO mode at 1057 cm™' and LO
modes at 1305 cm ™' with an unstructured broad feature located near
the LO phonon mode centred around 1290 cm ~'. When the specimen is
made of nanocrystals (< 100 nm) the TO mode for ¢-BN disappears,
while the LO mode peak broadens and shifts to a frequency of about
1290 cm ™ “.The experimental measurements and analyses for the
changes in ¢-BN Raman lineshape for ¢c-BN with various particle sizes
have been carried out and discussed in previous work [36]. Parayanthal
et al. [46] using the Spatial Correlation Model (SCM) explained the
effect of particle size on the changes in the Raman lineshape broadening
and symmetry. Similar changes in the Raman lineshape have been



E. Aradi et al.

Diamond & Related Materials 92 (2019) 168-173

Fig. 2. HRTEM images taken for h-BN sample implanted to a fluence of a 1 X 10'% jons/cm?. (a) 700 nm below the surface and (b) 350 nm below the surface of the
sample. The insets are the SADP and the NBDP for the respective regions. (The insets in (a) shows the DP in the {0002} plane while that of (b) shows some the {111}
¢-BN plane within the highlighted region of the specimen). This imply that damage was up to and beyond the 350 nm level but not reaching 700 nm.
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Fig. 3. Raman spectra for h-BN samples (a) unimplanted and (b) implanted
with B at 1.5 x 10*®ions/cm? and the energy of 150 keV at room temperature.
(There is broadening of the peak at approx. 1360 cm ™' implying disorder and
another broad peak centred at 1298 cm™' implying formation of sp® hy-
bridization).

reported for GaN [47] and diamond with varying crystal sizes [48]. We
therefore attribute the new Raman feature to nc-BN.

High fluence implantation.

Fig. 4(a) represents the Raman spectroscopy and SADP taken for
samples implanted with 150 keV B to a fluence of 1 x 107 ions/cm?.
The Raman spectra shows the high frequency h-BN peak at 1364 cm ™ ?,
having shifted by 2 cm™'from the pristine sample. The shift to lower
wavenumber has been associated with introduction of compressive
stress in the material [49]. A new peak located at 1294 cm ™! is also
present with a broader linewidth and a lower intensity as compared to
the samples implanted to a fluence of 1 x 10'°ions/cm?n Fig. 3(b).

Fig. 4(b) is the HRTEM image for the same sample taken within the
implanted region, indicated by the continuous red arrow and within the
region beyond the implanted range indicated by the green broken
arrow. The image show a loss of the ordered lattice fringes in the region
with the maximum implantation while the region beyond the implanted
range exhibits the lattice fringes with lattice parameter of
0.255 = 0.005nm corresponding to h-BN. The insets in Fig. 4(b) are
the SADP taken at the respective areas. The SADP taken at the im-
planted region shows amorphous rings synonymous to amorphous (a)-
BN. The SADP beyond the implanted region shows the {0002} reflec-
tion for h-BN. This implies that at this fluence the effect of irradiation is
to induce amorphization due to increased stress in the sample. The
fluence dependence of the formation of nc-BN has been observed in
previous work for B and other ions with the threshold fluence for nu-
cleation for B implantation being in the order of 10'®ions/cm?
[44,50].0ther studies have also shown that c-BN was not detected at
fluences of the order if 10'®ions/cm? with h-BN as a starting material
[24,51].

4. Discussions

The modifications that occur in h-BN resulting in the formation of c-
BN nanocrystals reported here are suggested to occur due to the accu-
mulation of point defects as created by B implantation. When energetic
ions are implanted into the h-BN lattice they collide with the primary
atoms displacing them from their equilibrium lattice position creating
either a vacancy or by temporarily settling in the interstitial site within
the interplanar space of the material [52]. This leads to a large con-
centration defect within the matrix. The accumulation of defects and
the alteration of the lattice create high stress/strain level in h-BN. The
midplane defects and the subsequent stress they cause induces
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Fig. 4. (a) Raman spectra for 150 keV B implanted sample at a fluence of 1 x 10'7 ions/cm? (b) HRTEM micrograph of the same sample. The red arrow shows the
implanted region and the green broken arrow show the region beyond the implanted range. The insets in (b) represent the SADP for the respective regions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

significant amount of breaking and buckling of the weak van der Waal
bonds within the h-BN c-planes. The continuous breaking and buckling
of the weak Van der Waal bonds and the basal B3N3; honeycomb
hexagon bond-stretching increases the bond length resulting in an in-
crease in the local density of the material.

The breaking of interplanar bonds leads to a change in the electron
density in the interatomic and interlayer spaces. The electron density
between the B and N atom in adjacent planes increase, leading to a
decrease in the interlayer spacing and lowering of the formation energy
for ¢c-BN. The B3N3; honeycombs buckle into a cubic-chair structure
which favour a nonplanar steric covalent bond reconstruction of the
atoms in the adjacent planes. The bonding network now changes to a 3-
dimensional tetrahedral structure with sp® hybridization synonymous to
the high density ¢-BN which is detected by Raman as a new c¢-BN
phonon mode and in HRTEM within the implanted region.

The changes in observed h-BN as a function of fluence indicate that
there is a critical fluence for c-BN nucleation. Beyond this fluence the
effect of the increased defect concentration is to induce a complete loss
in the long range order leading to amorphization of the material.

5. Conclusion

In summary, 150 keV B ion implantation with fluences of the order
of 1 X 10'®ions/cm? induced a phase change of h-BN to nano-regions
with ¢-BN. These originated from the existence of defects-induced stress
introduced by interplane interstitial in h-BN. High Angle Annular Dark-
Field STEM established regions with bright contrast which represented
the high density nc-BN which were localized within the implanted re-
gion. High resolution TEM showed regions with lattice parameter cor-
responding to ¢-BN for implantation carried out with a fluence of
1 x 10'®ions/cm? and amorphous regions for implantation carried out
with 1 x 10'”ions/cm? Raman Spectroscopy showed evolution of
broad peaks located at the LO-c-BN wavenumbers after implantation
representative of c-BN with nano-size crystals, with this peak degrading
with increasing fluence.
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