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The vibrational mode for the cubic symmetry of boron nitride (BN) has been produced by boron ion
implantation of hexagonal boron nitride (h-BN). The optimum fluence at 150 keV was found to be
5 � 1014 ions/cm2. The presence of the c-BN phase was inferred using glancing incidence XRD (GIXRD)
and Fourier Transform Infrared Spectroscopy (FTIR). After implantation, Fourier Transform Infrared Spec-
troscopy indicated a peak at 1092 cm�1 which corresponds to the vibrational mode for nanocrystalline
BN (nc-BN). The glancing angle XRD pattern after implantation exhibited c-BN diffraction peaks relative
to the implantation depth of 0.4 lm.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The unique characteristics exhibited by cubic boron nitride [1–
5] have led to a great deal of research with an aim of synthesizing
it under less extreme conditions of pressure and temperature.
Previous work has shown evidence that the cubic phase could
be induced from the hexagonal BN (h-BN) phase by the ion
implantation process and was identified primarily by Raman Spec-
troscopy [6,7]. The Raman spectroscopy after implantation showed
additional phonon peaks at wavenumbers between 1295 cm�1 and
1303 cm�1 which were assigned to the sp3 phonon mode for c-BN
phase together with the h-BN principal peaks at 1366 cm�1. The
ion implantation process also offers the advantage of creating thin
hardened layers under the surface of a previously shaped compo-
nent. In this additional techniques were used to analyze the im-
planted h-BN to further corroborate the results from [7,8].

Fourier Transform Infrared Spectroscopy and Glancing inci-
dence X-ray diffraction were used here to analyze the h-BN sam-
ples before and after implantation to establish the presence of
nc-BN. FTIR was applied in order to identify the local structural or-
der, functional groups and composition of the sample before and
after implantation as it is sensitive to the local hybridization of
the sp2 and sp3 phases of BN [9]. GIXRD is used to understand
the morphology of the crystal structure. We use glancing angle in
contrast to the conventional XRD because of its depth profiling
capabilities since the implanted layer extends from the surface to
a few hundred nanometres below the sample surface [10].

2. Experimental

2.1. Sample and sample preparations

The h-BN samples which were used throughout this experiment
were hot pressed polycrystalline sheets supplied by the Goodfel-
low Cambridge Company, England, with dimensions of
5 � 5 � 0.2 mm3 and 99.9% purity. The samples were prepared by
reaction of boric acid with urea followed by sintering using boron
oxide and subsequent machining. The samples were cut using our
Model 3032 Diamond Saw to a thickness of 0.1 mm and mechani-
cally polished down to 0.05 mm on the side that was cut by the
diamond wire saw. The implantation was performed on the origi-
nally hot pressed surface of the sample.

2.2. Ion implantation

A Varian 200-20A2F ion implanter located at iThemba LABS
(Gauteng), in Johannesburg, was used for the implantation experi-
ments. All implants were done at room temperature using B+ at en-
ergy of 150 keV at a dose rate of �1013 ions/s. The B+ ions were
obtained from boron trifluoride gas ionized in the ion source cham-
ber of the ion implanter and selected by the implanter’s mass ana-
lyzer magnet. Analyses of the samples were carried out before and
after implantation using the Bruker TENSOR 27 Fourier Transform
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Infra-red spectrometer and the D8 ADVANCED Bruker X-ray Dif-
fractometer at the University of the Witwatersrand. The X-ray dif-
fractometer was set to operate at a voltage of 40 kV and 40 mA
current. Measurements were carried out in the 2h mode at glancing
incident angles ranging from 0.01� to 0.5� from 2h = 20� to 90� in
steps of at 0.05� per second. The CuKa anticathode with wave-
length of 1.5406 Å was used to perform all the XRD measurements.
Fig. 2. FTIR spectrum for samples implanted at (a) 1 � 1014 ions/cm2 (b) 5 � 1014

ions/cm2 and (c) 1 � 1015 ions/cm2.
3. Results and discussions

3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Fig. 1(a) represents the FTIR transmission spectrum for the sam-
ple before implantation. The spectrum shows two distinct modes
at 778 cm�1 and 1374 cm�1. These vibrational modes have been
attributed to the sp2 bonded h-BN. The mode at 778 cm�1 repre-
sents the Alu out-of-plane bending vibration while the mode at
1374 cm�1 is the Elu in-plane stretching vibration for h-BN also
observed by [11]. There were no other modes visible in the unim-
planted spectra.

After implantation, the Alu and Elu mode were still visible but
they show a frequency shift to higher wavenumber of 784 cm�1

and 1382 cm�1, respectively after implantation. The peak shift to
higher wavenumbers implies that there is compresive stress accu-
mulation in the material as a result of radiation damage caused by
the implantation [12].

Together with the h-BN vibrational modes, another phonon
peak is observed at 1092 cm�1 (arrowed) in Fig. 1(b) after implan-
tation. This peak has been observed to represent the TO mode for
sp3 nc-BN [13]. The frequency mode of the c-BN is dependent on
the particle size, impurity level and the stress level in the material
[14]. For c-BN with no internal stress, the peak is centred at
1000 cm�1 [15]. For bulk samples with residual compressive stress,
the peak occurs at 1050 cm�1 and as the crystal size decreases to a
nanoscale, the peak shifts to higher wavenumbers of between
1090 cm�1 and 1120 cm�1 [16]. From this information, it is sug-
gested that nc-BN particles or regions are formed in the implanted
layer complementing the Raman results reported in [8].

Also observed is a slight split of the h-BN Elu mode after implan-
tation forming another peak centred at 1388 cm�1. We tentatively
attribute this mode to the rhombohedral/r-BN vibrational mode
which may have been induced due to the distortion of the h-BN
lattice as a result of the radiation damage created during the
implantation [17]. An additional feature is also observed at
938 cm�1 whose origin is unknown.
Fig. 1. Fourier Transform Infrared spectrum for (a) unimplanted h-BN and
A fluence dependent analysis at 150 keV was carried out on the
samples by implanting them with boron at various fluences to
investigate the effect of varying the defect density in the implanted
layer. We assume that little or no self annealing takes place during
the implantation process and hence increasing the dose increases
the damage density in the implanted region.

The fluence dependence of the TO mode for the nc-BN produc-
tion is shown in Fig. 2. In the spectra the h-BN modes have been cut
off so as to bring the peak associated with nc-BN to a clear view.
The peaks are centred at 1098 cm�1, 1092 cm�1 and 1105 cm�1

for the respective fluences. The integrated peak intensity shows
the highest intensity of the TO mode at 5 � 1014 ions/cm2 and de-
creased when the dose was increased to 1 � 1015 ions/cm2.

Fourier Transform IR transmission intensities have been used to
obtain the estimated amount of c-BN in a hexagonal-cubic mixed
phase sample. This has been achieved using intensities of the peaks
as indicated in the equation below [18]:

%ðc-BNÞ ¼ Ic-BN

ðIc-BN þ Ih-BNÞ
� 100 ð1Þ

where Ic-BN is the integrated transmission intensity for c-BN for the
respective wavenumbers in the mixed phase and Ih-BN is the inte-
grated intensity for the h-BN principal peak before implantation
at 1374 cm�1.
(b) h-BN implanted with boron ions at 5 � 1014 ions/cm2 at 150 keV.
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Fig. 3. Estimated amount of c-BN produced as a function of the fluence for samples
implanted with boron at 150 keV. (Additional fluences are included).

0.0 0.2 0.4 0.6

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14   Number of Vacancies/(ang-ion)
  Ion range Distribution

Target Depth (μm)

Va
ca

nc
y/

(a
ng

-io
n)

0

20000

40000

60000

80000

100000

120000

B
 distribution

Fig. 4. SRIM simulation results for the number of vacancies and the ion distribution
as a function of target depth the for h-BN implanted with B+ ions at 150 keV.
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From these observations, an implanted dose of 5 � 1014 ions/
cm�1 gave the highest estimated percentage of nc-BN of all the flu-
ences. The amount decreases substantially for the high fluences
and also noted (not shown in figure) is that at even higher fluence
of 5 � 1016 ions/cm2, no c-BN mode is detected. This observation
suggests that there is threshold fluence below and above which
no nc-BN could be detected. A similar trend has been observed
and recorded using Raman spectroscopy analysis [6]. After
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Fig. 5. GIXRD pattern for h-BN (a) before implantation and (b) after impla
reaching the optimum value, any more ions introduced into the
material leads to more stress as a result of the increase in radiation
damage. This increased stress and radiation damage results in a de-
crease in both the vibrational modes of both the sp2 and sp3 BN
bonds and in our case the total extinction of the sp3 vibrational
modes. Based on these observations, it is suggested that the sp3

phase is probably stress induced in the implanted layer and this in-
duced phase has a threshold related to the defect density in the im-
planted layer (see Fig. 3).

3.2. Glancing Incidence X-ray Diffraction

Glancing incidence XRD was also used to identify the structure
and lattice parameter of the material before and after implantation.
All the GIXRD measurements presented here are for the glancing
incident angle of 0.3� which is above the total external reflection
edge of BN [19]. This angle also corresponds to a penetration depth
where the X-rays diffract from the implanted layer of h-BN.

The normal penetration depth of the X-rays in h-BN at the inci-
dent angle of 0.3� is calculated to be 0.38 lm [20]. Simulations
using the Stopping and Range of Ions in Matter programme (SRIM)
2008 [21] for the ion distribution and number of vacancies created
in h-BN implanted with B+, at 150 keV is shown in Fig. 4. It gives a
projected range for the ions to be�0.4 lm and the damage extends
to a depth of �0.5 lm.

Fig. 5 shows the diffraction pattern for h-BN samples before and
after implantation, with the first figure showing diffraction angles
from 40� to 55� and the second figure from 55� to 90� for the same
sample. This was done to show clearly the features with low inten-
sities relative to the principal h-BN peak. Fig. 5(a) shows the differ-
ent diffraction peaks at 2h = 41.8�, 43.9�, 50.2�, 55.2, 78� and 82�
corresponding to planes (100), (101), (102) (004), (110) and
(112) of an essentially homogeneous and randomly oriented
h-BN with lattice parameters a = 2.504 Å and c = 6.662 Å [22].

After implantation, the h-BN diffraction peaks observed are still
prevalent in the GIXRD pattern. Together with these, new peaks at
43.3�, 63.3�, 74.37� and 89.3� are observed. The peak at 63.3� has
been associated with the (015) plane of rhombohedral BN phase.
Rhombohedral BN has initially been produced transitionally during
the h-BN to c-BN phase transformation [23]. These phase has also
been observed with FTIR analyses presented in the previous sec-
tion. It is a challenge to observe the r-BN mode with Raman spec-
troscopy for a mixed BN phase since the phonon mode is very close
to and often overlaps with the h-BN mode at 1367 cm�1 [17].

The other three peaks, located at 43.3�, 74.37� and 89.3� have
been calculated and found to represent the (111), (220) and the
(311) planes for c-BN, with lattice parameter a = 3.615 Å, and
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a = 3.616 Å and a = 3.614 Å respectively, with similar values com-
pared to JCPDS database (no. 35-1365) and also reported by
[24,25]. The wurtzite BN, with lattice parameters a = b = 2.55 Å
and c = 4.2154 Å, normally exhibits diffraction at 74� and in analy-
sis it can be easily confused with the c-BN peak. We do not
attribute this to the wurtzite phase since no evidence has been
seen in any of the optical spectroscopy used in this study and
previous work.

The peaks are of low intensity with a broad linewidth with
respect to the h-BN peaks indicating that the c-BN could be of
nanosized particles or regions, agreeing well with results from
FTIR. Assuming that they are spherical, it is possible to estimate
the particle size of the material with XRD by assuming that the line
broadening will be due to the reduced particle size. Using the
Scherrer equation [26]:

Dcrystal ¼
kk

b1=2 cos h
ð2Þ

where k is the shape constant factor k � 0.94, k = 1.5406 nm is the
wavelength of radiation (in our case for CuKa), and b1/2 the line
width at half maximum for the c-BN peak; the particle size for
c-BN was estimated to be �9 nm for the sample that was implanted
with boron at 5 � 1014 ions/cm2. A dose dependent analysis (not
shown in this work) will be used to determine whether the
observed line broadening is stress related.

Analyses using HRTEM have been a challenge and initial results
shown in [7] are part of an ongoing study. Focused Ion beam
Milling sample preparation for HRTEM has been difficult due to
the porosity of the hot pressed samples used thus far.

4. Conclusion

Further evidence from FTIR and GIXRD strongly suggest that sp3

bonded BN can be induced in h-BN after implantation with boron
ions. The best results were obtained at a fluence of 5 � 1014 ions/
cm2 for the energy of 150 keV. Rhombohedral BN vibrational mode
of BN have also been observed after implantation.
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