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ARTICLE INFO ABSTRACT
Keywords: In this work, Chemical Vapour Deposition (CVD) has been used to synthesize boron nitride (BN)
Chemical vapour deposition (CVD) nanostructures, particularly nanotubes, and selectively introduce defects into the lattice of the

Boron nitride (BN)
Boron nitride nanotubes (BNNTs)
ion implantation

synthesized BN nanostructures through ion implantation. Scanning electron microscopy (SEM)
images show clear evidence of BN nanostructures and BN nanotubes (BNNTs), with the latter
appearing as long, thin structures with diameters ranging from ~30-80 nm. Raman analysis
show an Ep; mode of vibration assigned to hexagonal BN (h-BN) at 1366 cm™! after ion im-
plantation, with increased intensity. Grazing incidence X-ray diffraction (GIXRD) spectra revealed
a prominent peak between 54 and 56°, corresponding to the (004) h-BN reflection, which was
used to determine the average lattice parameter ¢ ~0.662 nm representing the stacking direction
of the BN layers. The majority of the samples had broad peaks, indicative of a nanocrystalline
material. The only exception was the sample grown at 1200 °C, which was found to have a
Scherrer crystallite size >100 nm. In contrast, the rest of the samples had an average size of 3.5
nm. Notable observations in this study include a significant rise in the size of the Raman derived
crystallite domains in the nanostructures synthesized at 1100 and 1200 °C after ion implantation
with boron ions at fluence 5 x 10 ions/cm?.

1. Introduction

Boron nitride nanotubes (BNNTs) have exceptional mechanical properties, with similar atomic bonding motifs to carbon with an
effectively isoelectronic valency and being stable in a hexagonal structure of layered 2D sheets like graphite. Carbon nanotubes (CNTs)
have been the focus of both experimental and theoretical research since their discovery in 1991 [1]. The methods that have been
successful in creating carbon nanotubes (CNTs), such as arc discharge [2], ball-milling [3], laser ablation [4], substitution reaction of
boron nitride (BN) atoms from CNT templates [5], and chemical vapour deposition [6], have also been used to produce boron nitride
nanotubes (BNNTs). Each method involved specific precursors and conditions that were carefully chosen to facilitate the synthesis of
BNNTs.

Unlike CNTs, which can be conductors or semiconductors depending on their chirality or helicity, BNNTs are always wideband gap
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semiconductors [7,8]. However, recent studies have unveiled novel applications for BNNTs, including osmotic power generation,
room-temperature single-electron transistors, and high-brightness fluorophores [9]. Graphite and hexagonal boron nitride (h-BN) are
similar parental structures to carbon nanotubes and boron nitride nanotubes, respectively. Both have hexagonal lattice layers, with
h-BN is made up of alternating boron and nitrogen atoms, while graphite has carbon atoms in all positions. Hexagonal-BN exhibits a
hexagonal close-packed (HCP) structure characterized by a two-layer stacking sequence (ABABA ...), where adjacent layers consist of
boron atoms positioned directly above nitrogen atoms. These layers form flat basal planes composed of BsN3 hexagonal rings, wherein
each boron atom forms a bond with a nitrogen atom [10-12]. This unique layering arrangement is a significant characteristic of
hexagonal-BN, with implications for its structural and functional properties. In graphite, the hexagons are misaligned and have
variations in their stacking sequence. The in-plane lattice constants and interlayer distances of graphite and h-BN are a; = 0.246 nm,
¢g/2 = 0.335 nm, and apy = 0.250 nm, cpn/2 = 0.333 nm, respectively, these values indicate that the interlayer distances in both
graphite and h-BN are relatively large compared to the in-plane lattice constants, which suggests weak interlayer interactions. In both
cases, the interlayer coupling is predominantly due to van der Waals forces [13,14].

Comparing the band structure of a single layer of boron nitride (BN) to a graphene sheet at the Fermi level reveals that they have
distinctly different electronic properties (Fig. 1). In a graphite sheet, two bands intersect at the Fermi energy level at the K point,
whereas in a single layer of h-BN, the non-overlap of these electronic states result in the formation of a forbidden band of energy 4.5 eV.
CNTs can be either metallic or semiconductor in nature. All BNNTs, however, are semiconductors. BNNTs have a constant electron
band gap of 5.5 eV regardless of tube diameter or chirality [15].

Selected properties of BNNTs and CNTs are compared in Table 1. These two materials have similar mechanical properties. How-
ever, BNNTs are more suitable for numerous electro-mechanical applications compared to their CNTs counterparts. Additionally,
BNNTs, exhibit higher oxidation resistance and thermal stability in air compared to CNTs, enabling them to endure more extreme
conditions and reactions. Their lower thermal conductivity enables them to be suitable for thermoelectric applications. BNNTs possess
properties that are just as desirable for practical applications, if not more so, than carbon nanotubes [14]. As a result, there is great
merit in furthering research on BNNTs.

In our previous work [19,20], we conducted experiments into the effects of ion implantation on bulk hexagonal BN (h-BN). As a
result, we observed a transformation from h-BN to cubic-BN (c-BN) occurring in the subsurface region that was affected by the ion
implantation process [21]. We successfully identified and established the parameters that govern this transformation. In this work, our
focus is studying the effects of ion implantation on BNNTSs using the same set of parameters, we aim to gain a better understanding of
the transformation mechanism and its implications for BNNTs.

2. Experimental methods
2.1. Sample preparation
A silicon wafer (100) was cut into small (~10 x 30mm) pieces and placed in an ethanol-containing beaker. The Si-substrates were

cleaned in an ultrasonic bath. The crucible was filled with a combination of boron (B), magnesium oxide (MgO), and iron (ii) oxide
(Fe303) (2:1:1 M ratio), and the Si-substrates were put on top of the precursors,Fig. 2.
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Fig. 1. The LDA (local density-functional approximation) band structure of BN sheet compared with that of a single graphite sheet in the hexagonal
Brillouin zone. The Fermi level and band gap are indicated, respectively, by the dot-dashed line and the shaded area [15].
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Table 1
The comparison of properties of BNNTS and CNTs.
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BNNTs

CNTs

Electrical properties [14]

Always semiconducting [above 4 eV gap]

Metallic or semiconducting

Mechanical properties [Young’s modulus] [16] 1.18 TPa 1.33 TPa
Thermal conductivity [14] 600 W/mK 3000 W/mK
Oxidation resistance [17] Stable up to 800 °C Stable up to 300-400 °C in air
Elastic Modulus [18] ~850 GPa 150 GPa
Si substrates and H,0 B+MgO+Fe, 05
C,HgO (alcohol) (powders)

Si-substrates

wy ﬂ -

Ultra-Sonic Bath Crucible

Silicon wafer
cut into small
pieces.

Silicon wafer

Fig. 2. Flow diagram, illustrating the preparation of samples.
2.2. Chemical vapour deposition (CVD)

The crucible containing the precursors and Si substrates was placed in a quartz tube inside the tube furnace, after sealing both ends,
argon gas (Ar) was fed through the system to eliminate air and produce an inert atmosphere at room temperature. Simultaneously, the
temperature was gradually raised at a rate of 10 °C/min up to the desired process temperature. At this temperature, the argon gas flow
was halted, and ammonia (NH3) gas fed into the system at ~ 200 sccm for the production of BNNTs. The CVD syntheses were carried
out for 1 h at 900, 1000, 1100 and 1200 °C, Fig. 3 [6].

At high temperatures, ByOy vapours will react with NH3 to generate BNNTs. MgO and Fe;O3 operate as catalysts for this process
[22]. Water is effective in the filtration system for the removal of ammonia vapour by the formation of ammonium hydroxide.

2.3. Ion implantation
The ion implantations were performed at iThemba LABS in South Africa, using the Varian-Extrion 200-20A2F ion implanter. All

implantations were done using B* ions at room temperature at energy 150 keV and Fluences of 1 x 10'# and 5 x 10'# ions/cm? as in
Aradi et al. [20] and our prior work [21].

2.4. Scanning electron microscopy

The measurements were conducted using a ZEISS Sigma 300 VP Scanning Electron Microscope, which is located in the School of
Mechanical, Industrial, and Aeronautical Engineering at the University of the Witwatersrand. The electron beam energy was adjusted
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Fig. 3. A diagram illustrating the CVD synthesis procedure.
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in the range of 3 kV-15 kV, depending on the specific samples being analyzed.

2.5. Raman characterization

Raman spectroscopy measurements of the samples were taken before and after ion implantation using the 514.5 nm line of an argon
ion laser and an Olympus BX40 microscope attached to a Horiba LabRAM HR Raman spectrometer. The incident beam was focused
onto the sample using a 100x objective (N.A. = 0.90) and the backscattered light was dispersed via a 600 lines/mm grating onto a
liquid nitrogen cooled CCD detector. The data was acquired using LabSpec v5 software. The incident beam power was kept low (<0.4
mW at the sample) to prevent localised heating. The laser beam diameter at the sample was ~ 1 pm. Multiple spots were measured on
each sample and representative spectra are plotted in the Results section.

2.6. Grazing incidence XRD

GIXRD measurements were conducted on the samples both prior to and after ion implantation using the D8 discover ADVANCE
Bruker X-ray Diffractometer, which is located in the School of Chemistry at the University of the Witwatersrand. The diffractometer is
outfitted with CuKa radiation with a wavelength of A = 1.5406 A and is operated at a voltage of 40 kV with a current of 40 mA.

3. Results and discussion
3.1. Stopping and range of ions in matter (SRIM)

Fig. 4 shows the SRIM simulations on the distribution of the number of vacancies per ion and unit length (A) in h-BN, caused by the
implantation of boron ions (B™) at 150 keV. Notably, the curve shows that for boron ions at energy 150 keV, the range of ion pene-
tration depth is approximately 0.4 pm. To calculate the damage density or vacancy concentration C(x) in the material, one needs to
multiply the mean number of vacancies (Cp) generated by the damage distribution for each ion per unit length by the fluence (D) over
the total area, Equation (1). At 150 keV, the probability of nuclear stopping is expected to be low due to the relatively low atomic
number of boron thus the stopping will be mostly electronic.

C(x)=C, xD 1

Therefore, at energy 150 keV at room temperature, at fluences of 1 x 10** and 5 x 10'* ions/cm? we get the vacancy concentration
for boron implantation as given in Table 2.

3.2. Scanning electron microscopy (SEM)

3.2.1. Samples prepared at 900 °C
Fig. 5 shows Boron Nitride cauliflower-like structures of the sample synthesized at 900 °C for a growth duration of 1 h, prior to ion
implantation.

3.2.2. Samples prepared at 1000 °C
Fig. 6 shows the SEM image of BN nanostructures synthesized at 1000 °C prior to ion implantation. It is clear from the image that
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Fig. 4. The graph generated by the SRIM model shows the relationship between the depth of penetration and the number of vacancies per ion and
unit length (measured in ;\) for boron ions at 150 keV.
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Table 2
The determined concentration of damage density in the material.
Ions Optimum fluence (1014i0ns/crn2) C, (vacancies/ 10’8cm-ion) R, (A) C(x) (1021vac/cm3)
Boron 1 2.75 x 1072 3.7 x 10° 0.28
5 2.75 x 1072 3.7 x 10° 1.4

500 nm EHT= 3,004V Signal A= SE2 Date: 3 Dec 2020

WD= 3.3mm Mag= 5000KX Time: 9:56:50

EHT = 10.00 kV Signal A= InLens Date: 29 Jun 2021
WD= 3.2mm Mag = 100.00 KX Time: 9.08:48

Fig. 6. SEM micrograph of synthesized Boron Nitride nanocomposites at 1000 °C with the diameter of selected particles/composites/fea-
tures indicated.

raising the temperature has an impact on how the BN nanocomposites behave; there are some nanotubes (50-80 nm diameter) and a
cauliflower-like nanostructure.

3.2.3. Samples prepared at 1100 °C
The BNNTs synthesized at 1100 °C prior to ion implantation are depicted in a SEM image in Fig. 7. The tubes (~40-80 nm
diameter) show swollen tip characteristics that are found on many nanotubes.

3.2.4. Samples prepared at 1200 °C

The SEM images of samples synthesized at 1200 °C in Fig. 8 (prior to implantation) show the presence of BN nanostructures at
various magnifications. It is clear that various shapes of BN nanostructures were synthesized, cauliflower-like composites, nano-
spheres, and poly-dispersed nanotubes (~30-40 nm) can be observed. Most of the latter have strong curvatures.
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-~ A [ . 3 %
EHT= 8.00kV Signal A Date: 1 Mar 2022
— WD= 7.4mm Mag= 68.93KX Time: 15:12:29

Fig. 7. SEM image of boron nitride nanotubes (BNNTs) synthesized at 1100 °C.

EHT= 1500 kV Signal A= SE2 Date: 27 Sep 2022 = EHT = 12004V Signal A= SE2 Date: 27 Sep 2022
Wo= 67mm Mag= 9000KX Time: 8.00:54 WD= 6.7 mm Mog= 6869KX Time: 7:50.07

SignalA=SE2 Dete: 27 Sop 2022 - Signal A= SE2
Mag= 2329KX Time: 806:10 Mag= 2000KX Time: 15:33.02

Fig. 8. SEM images of sample synthesized at 1200 °C, showing BN nanostructures of different shapes at different magnification, including many
nanotubes. The diameters of representative nanotubes are indicated in red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

3.3. Growth mechanism of boron nitride nanostructures

The formation of boron nitride nanostructures, especially nanotubes (Figs. 7 and 8) using the chemical vapour deposition method,
can be explained by the theory of nucleation [6,22]. The probability of nucleation is given by

7<27m2 )
2
PNZBC k*T? In as 2

The equation involves several variables, including B (a constant), 6 (surface energy), and o, (the supersaturation ratio, calculated as
P/Po). p is the vapour pressure of the growth species, p, is the equilibrium vapour pressure of the condensed phase, k is the Boltzman
constant and T is the absolute temperature in Kelvin.

From Equation (2), Py is proportional to exp ( - %) This indicates that an increase in temperature increases the probability of

nanotube nucleation. This is evident from the growth of nanotubes when the experimental temperature was increased from 900 °C to
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1200 °C in increments of 100 °C. Secondly, the surface energy of the metal oxide catalyst also affects the probability of nucleation for
nanostructures. MgO and Fep;O3 were used in this work. Supersaturation a; and Py are also proportional meaning if the partial pressure
of the growth species rises, the level of supersaturation will increase. Consequently, there will be a greater probability of nucleation of
BN nanostructures due to the heightened degree of supersaturation caused by the increased partial pressure of the growth species. This
was accomplished by layering Si-substrates on top of the precursors in a crucible enclosed within a sealed quartz tube in an NH3-filled
atmosphere. The CVD experimental setup is intended to collect and capture growth species in order to improve the nucleation rate of
BN nanostructures formed by reacting with NH3 gas.

This means that when BNNTs are synthesized using boron (B), magnesium oxide (MgO), and iron oxide (FeO) as precursors. The
production of BNNTs follows the Vapour Liquid Solid (VLS) growth process, Tang et al. [23] and Zhi et al. [24], because at a certain
temperature, the interaction of the compounds produces B,O5 vapours (i.e., melted catalyst particles) [25]. These catalysts condensate
on the substrate when their partial vapour pressures are suitably raised. The produced B,O5 vapour combines with N5 from the NH3 gas
to form the BN-species. These species are subsequently diffused into the condensed catalysts until they precipitate as BNNTs [26].

3.3.1. Synthesized BNNTs morphology

From the SEM images BN nanostructures and BN nanotubes can be observed. BNNTs appear as long, thin structures with relatively
uniform diameters, while the nanostructures appear as irregularly shaped structures clustered together forming cauliflower-like shapes
with varying sizes. Fig. 8, which is the SEM image of samples prepared at a temperature of 1200 °C; shows BN-nanospheres of different
sizes and BNNTs dispersed throughout the surface of the sample.

3.3.2. Synthesized BNNTs diameters

BNNTs in the SEM images have diameters of ~30-80 nm, which is consistent with the reported diameters in previous studies [27].
The diameter of BNNTSs can affect the mechanical, electrical, or other properties of the BNNTSs [28]. In a study conducted by Chen et al.
[29], examining the mechanical properties of individual BNNTs, the findings demonstrated that the effective transverse elastic
modulus of the BNNTs increases with the number of tube walls and decreases with an increase in diameter. The diameter of the BNNTSs
can also affect their electrical properties, such as their electrical conductivity and bandgap. Smaller diameter BNNTs have been shown
to have wider bandgaps and lower electrical conductivity than larger diameter BNNTSs [30]. Therefore, the ~30-80 nm diameter range
of the BNNTs in the SEM image suggest that they have relatively wide bandgaps and low electrical conductivity, which could limit their
use in electronic applications that require high conductivity and smaller bandgap.

The diameter of the BNNTSs can also affect other properties, such as their thermal conductivity and effective surface area for
electrochemical applications. Smaller diameter BNNTs have been shown to have higher thermal conductivity and surface area than
larger diameter BNNTs [28,30]. Therefore, the 30-80 nm diameter range of the BNNTs in the SEM image suggest that they have
relatively high thermal conductivity and surface area, which could make them suitable for applications that require efficient heat
transfer or high surface area, such as catalyst support.

At an energy of 150 keV, the range of a boron ion in BNNTs can be estimated to be about ~400 nm using the SRIM software
package. This means that the boron ions are expected to pass through several BNNTs in the size range of 30-80 nm before coming to a
stop. This suggests that the primary mechanism for energy loss of the boron ions in BNNTSs will be through electronic stopping. The
contribution of nuclear stopping to the total energy loss of the boron ions is expected to be small at this energy.

3.4. Raman characterization

The penetration depth of a particular wavelength of light into a material is defined as the depth at which the intensity (or power) of
the electric field of the light has decayed to a value that corresponds to a fraction of 1/e of the incident light. Using this definition, laser
penetration depth (P), is calculated by taking the inverse of the absorption coefficient (a), that is P = a1,

The absorption coefficient is calculated by using,

a_4n’ke
A

where k. is the extinction coefficient (0.041 for h-BN) and 4 is the photon’s wavelength. For a 514.5 nm laser (2.41 eV) and an h-BN
sample, P is calculated to be approximately 1 pm. According to SRIM simulations in Fig. 4, the range of implantation for boron at 150
keV is approximately 0.4 pm. During the Raman spectroscopy measurements, the laser penetrates significantly deeper than the ion
implantation range, thus ensuring that all potential implantation damage is sampled during the measurement.

It is anticipated that the typical optical vibration phonon modes of h-BN with space group P63s/mmc will be present at the Brillouin
zone centre [31], represented by the following equation

F:231g+ A2u+Elu+2EZg 4

Equation (4) represents the optically inactive phonon mode, which is denoted as 2B;g, and is not observed in any optical vibrational
spectrum. The in-plane B-N bending and out-of-plane B-N stretching of boron nitride, which correspond to Az, and Ey,, respectively,
and are infrared-active phonon vibrational modes, are not expected to be present in the visible Raman spectrum. The final component
of the equation represents the Raman active mode (Ezg), which typically exhibits two vibrational centres. These symmetry centres are
produced by the displacement of both boron and nitrogen atoms in both the in-plane and out-of-plane directions [32].
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Hexagonal BN has one intense Raman peak (Ez; mode) at 1366 cm~ . Itis the typical B-N bond stretching vibration within the basal
planes and it depicts the high frequency vibrational Raman mode [33]. The second Raman peak at 51.8 cm ™! is associated with the
layer shearing vibration between the basal layers and is a low frequency mode [31,33].

Before ion implantation, samples synthesized at 1000 °C did not show any peak in the vicinity of 1366 em™! (Fig. 9), while sample
synthesized at 1100 °C and 1200 °C showed a clear broad peak in the range 1350-1370 cm ™! (Figs. 10 and 11). This is attributed to the
presence of amorphous h-BN in these samples.

After ion implantation, the Raman spectra of samples implanted with ion fluence 5 x 10'# jons/cm? at 1000 °C (Fig. 9) show an
amorphous h-BN peak, and a narrower, more intense E, vibrational mode of h-BN is observed around 1366 em! for samples syn-
thesized at 1100 °C and 1200 °C (Figs. 10 and 11). Raman analysis did not show any E3, mode of vibration of h-BN for all samples at
fluence 1 x 10'* ions/cm?. The samples synthesized at 900 °C had no active 1366 cm™' Raman peak present.

The peaks have shifted towards lower wavenumbers by range of 1-8 cm ™! Figs. 9 and 10, the downshift of these peaks from the
1366 cm™? E¢ h-BN mode could be linked to a nanoscale crystal of h-BN possibly produced. This can be explained using the phonon
confinement mode by Parayanthal and Pollak [34]. Thus, this red shift is due to the induced strain during ion implantation and this
effect dominates in bilayer, causing shifts of the Raman peak to lower wavenumbers. The FHWM of the Ej, vibrational mode for Raman
spectra of samples implanted with ion fluence 5 x 10'* jons/cm? at 1100 and 1200 °C varies from 9 to 12 cm ™! and is comparable to
the one found in R. V. Gorbachev et al. for monolayers [35].

The effects of ion implantation can be explored by determining the average crystallite domain size. The work done by Nemanich
et al. [36] is relevant, as they used the same excitation wavelength as in this work. They showed that the average crystallite domain
size (L) can be determined by the following equation (Fig. 7 of ref [36]):

1417
FWHM:T+8.7 5

where L is the average crystallite domain size (in A) and FWHM is the h-BN Raman peak FWHM in cm ™" units.

Table 3 below has the calculated average crystallite domain size values. The width of a Raman peak is related to phonon lifetime,
and this is governed by the average crystallite domain size. The phonon will have a short lifetime for small domain size, meaning the
FWHM is large, and for a large domain size the phonon will have a longer lifetime, meaning FWHM is smaller. Fig. 12 displays the
average crystallite domain size as a function of FWHM of the Raman Ez; mode of vibration of h-BN. An increase in domain size is
observed after ion implantation, because ions are neutral at the end of their range (low ionization state). After coming to rest, the ion
takes up electrons (e.g., from the conduction band) and gets back to its normal neutral state, i.e., becomes an atom. A narrow FWHM is
associated with a more crystalline material, i.e., increased crystallinity and either the absence of inhomogeneous strain or very little
such strain is present. These findings imply that ion implantation promotes or improves the growth of BN nanostructures with sp?
hybridized planar bonding.

The key finding in this study is the significant enhancement of crystallite domain size (i.e., an increase in L) in samples synthesized
at 1100 °C after boron ion implantation at a fluence of 5 x 10'* ions/cm?. The effect can also be observed in samples grown at 1200 °C
but reduced. These conditions may be optimal for promoting growth of the BN crystallites. The increase in crystallite domain size after
ion implantation with boron ions can also be attributed to the presence of boron atoms in the lattice [37].

3.5. Grazing incidence XRD characterization

The collected GIXRD patterns, both before and after ion implantation present a peak near 55.4° 26. This peak is consistent across
the data-set, additional features are observed at lower angles, yet these are poorly defined above the background noise and are only
observed for subsets of the patterns, Figs. 13-16. The data was compared to the literature structures COD 9008834 and COD 9008997
of cubic and hexagonal BN, respectively, from the Crystallography Open Database [38]. The cubic structure offered no peaks com-
parable to the collected data, while the (004) peak from the hexagonal phase (h-BN) is consistent with the ~55.4° 26 peak. This peak
cannot be attributed to the Si substrate, nor Si3Ny, SiBy, MgO (101), or Fe,Oy (440) phases which were considered due to the com-
ponents used during synthesis [39,40].

The absence of the full set of expected peaks could potentially be justified by a preferred crystallite growth orientation. In context of
the (002) peak expected near ~26.7° 20, the scattering vector being probed by the GIXRD would be ~84° with respect to the surface,
for the (004) peak this is ~77°, in combination with a preferred orientation, this difference can potentially explain the absence of the
(002) peak. The possibility of preferred crystallite orientation cannot be taken for granted and thus warrants further investigation.
Additionally, the formation of unidentified phases cannot be ruled out, this provides sufficient information to consider h-BN or a
closely related structure as a possible source of the observed GIXRD peaks.

3.5.1. Refined structural details

The ~54° 20 peak was tentatively assigned to the (004) h-BN peak index. From this, the sample crystallinity can be considered
using peak width as a proxy. This can be interpreted using the Scherrer crystallite size which is related to size of the coherent scattering
domains in the structure. The presented values consider broadening from a 3 mm X-ray beam footprint and no additional instrument
broadening factors making them a lower bound estimate. When considering nanomaterials, the sample broadening dominates the
overall peak broadening making estimates for such materials a reasonable approximation even without a comprehensive instrument
profile description. The majority of samples provided broad peaks indicative of a nano-crystalline material with the exception of the
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Fig. 9. Raman Spectra of CVD prepared h-BN nanostructures at 1000 °C.
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Fig. 10. Raman Spectra of CVD prepared BNNTs at 1100 °C.
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Fig. 11. Raman Spectra of BN nanostructures prepared at 1200 °C.



L.I. Lisema et al. Heliyon 10 (2024) 33568

Table 3
Raman derived calculated Average crystallite domain size.
As-grown 5 x 10'* ions/cm?
T (°C) FWHM (cm ) Average crystallite domain size (nm) FWHM (cm™ 1) Average crystallite domain size (nm)
900 - - - -
1000 - - 319+2 6.1+0.3
- - 39.7+2 46+0.2
1100 49+1.3 35+0.1 9.2+03 270+ 10
41.4+1.9 43+0.2 9.2+0.3 280+9.1
1200 26.8+2.2 7.8+0.7 129+09 340+23
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Fig. 13. Grazing incidence XRD spectra of h-BN cauliflower-like nanocomposites grown at 900 °C.

1200 °C as-grown sample. The latter was refined to a ~115 nm crystallite size with the balance of samples represented by an average
size of 3.5 nm (06 = 0.3 nm). The difference between these values is suggested to be a result of the formation of alternative structural
features as observed in the SEM microscopy. At 1200 °C nano-spheres with sizes as large as a few hundred nanometres are formed
which could explain the narrower diffraction peak. This is not observed in the XRD patterns after ion implantation, which is a process
with the potential to segment scattering domains. This is converse to the Raman measurements in which there is an increased coherent
interaction volume on implantation.

The c-axis lattice parameter was refined using the position of the tentatively assigned (004) h-BN peak. The values below 1200 °C
were sufficiently close with no clear trends, such that they are described by the average of 0.662 nm (¢ = 0.0006 nm). For the 1200 °C
samples the c-axis showed relative tensile strain with implantation with lattice parameters of 0.658, 0.662, and 0.663 nm for the as-
deposited, 1 x 10'* and 5 x 10'* ions/cm? samples respectively.
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Fig. 14. Grazing XRD spectra of h-BN nanostructures grown at 1000 °C.
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Fig. 16. GIXRD spectra of CVD samples prepared at 1200 °C.
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Similarly, the differences in integrated intensity for samples prepared below 1200 °C was 32.8 (6 = 7.2) where variations in
substrate size between samples could account for the intensity variations. This was not the case for the 1200 °C samples where a
marked decreasing trend in intensity was observed with ion implantation with values of 122, 41, and 27 for the as-grown, 1x 10'# and
5 x 10'* ions/cm? samples, respectively.

4. Summary

BN nanostructures and BNNTs were evident in the SEM images of samples prepared at 1000 °C, 1100 °C and 1200 °C. In contrast to
the nanostructures which appeared clumped together to create cauliflower-like shapes with various sizes, BNNTs were long, thin
structures with almost identical diameters.

Prior to ion implantation, samples synthesized at 1000 °C showed no peak in the vicinity of 1366 cm ™, whereas samples syn-
thesized at 1100 °C and 1200 °C displayed a definite broad peak in the range 1350-1370 cm™!. This is due to the existence of
amorphous h-BN in these samples.

The Raman spectra of samples implanted with ion fluence 5 x 10'* ions/ecm? at 1000 °C exhibit an amorphous h-BN peak, while
samples produced at 1100 °C and 1200 °C had more intense Eyg vibrational mode of h-BN about 1366 cm ™. For all samples, Raman
analysis revealed no Ex; mode of vibration of h-BN at fluence 1 x 10'* jons/cm?. There was no active 1366 cm ™' Raman signal in the
samples synthesized at 900 °C.

The effects of ion implantation were also explored by determining the Raman derived average crystallite domain size. The most
notable outcome of the experiment was the significant enhancement in the crystallite domain size of the 1100 °C samples after ion
implantation with boron ions at a fluence of 5 x 10'* ions/cm?. The effect is also observed in the 1200 °C samples but to a lesser extent.

XRD analysis revealed a well-defined 55.4° 26 peak consistent with a h-BN (004) peak.

When using Raman spectroscopy, we need to be mindful of where we take measurements. The laser beam used in Raman spec-
troscopy is very small, about 1 pm wide. So, we can only measure tiny clusters of material on the silicon substrate at a time. It’s not
possible to measure all the groups individually. On the other hand, with grazing X-ray diffraction (GXRD), the beam is much wider,
allowing us to get a better average of the structures on the surface.

5. Conclusion

Synthesis of BNNTs was successful at 1100 °C and 1200 °C CVD temperature. The BNNTs were long, thin structures with diameters
around ~ 30-80 nm range, whereas the nanostructures appeared as amorphous structures clumped together to create cauliflower-like
shapes with various sizes. The Raman analysis detected a peak at 1367 cm ™}, which indicates the presence of sp? hybridized BN planar
bonding and was attributed to the high frequency E; mode for the h-BN peak. This peak was more distinctly observed at 1100 and
1200 °C, both before and after ion implantation. The Raman derived average crystallite domain size values confirmed that after ion
implantation the phonon lifetime was longer because of the large domain size, this means that the BN nanostructures are more
crystallized. The increase in Raman derived crystallite domain size of BN nanostructures after ion implantation with boron ions can be
attributed to a number of factors. During ion implantation, energetic ions are implanted into the material, causing damage and creating
vacancies in the crystal lattice. As a result, the implanted material undergoes a process of annealing and recrystallization as the va-
cancies are gradually filled in by atoms diffusing through the lattice. This process can lead to an increase in the size of the crystallite
domains, which are regions of the material where the atoms are in a crystal lattice.
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