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Multi-walled boron nitride nanotubes were irradiated
with low and medium energy argon and helium ions at
room and elevated temperatures. The irradiated samples
were characterized by transmission electron microscopy
and Raman spectroscopy, and a comparison to the re-
sponse of carbon nanotubes to irradiation was made. A
dose of 2 x 10'® ions/cm? was found to give rise to com-
plete amorphization for irradiation with 40 keV Ar ions,

1 Introduction Lots of research has recently been
done on technologically important sp?>-bonded carbon and
boron nitride nanostructures. In these systems, the atoms
are arranged in a similar honeycomb lattice, but in BN nan-
otubes [1,2], fullerenes [3] and single BN sheets [4] alter-
nating B and N atoms substitute for C atoms. Mechanical
properties of BN and C nanotubes are of the same impres-
sive order, but BN tubes possess higher thermal and chem-
ical stability [S].

Interaction of energetic particles such as electrons [6—
8] and ions [9-11] with nanostructures has recently been
in the focus of research as well. This subject is interest-
ing from both fundamental and practical points of view:
the nano-size of such systems and quantum—mechanical
size quantization effects give rise to new interesting phe-
nomena which can be used for engineering the atomic and
electronic structure of nanosystems [12]. With regard to
the response of BN nanosystems to electron irradiation,
the experiments have shown somewhat higher resilience of
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while a comparable dose (in terms of displacement per
atom) of 1.2 x 10'® ions/cm? for 350 keV He caused
significantly less damage. Elevated temperatures consid-
erably reduce the amount of damage indicating that ef-
ficient annealing of defects occurs in BN nanotubes al-
ready at 300°C. Our results provide evidence that multi-
walled BN nanotubes have similar or even better stability
under ion irradiation than their carbon counterparts.
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BN multi-walled nanotubes (BN MWNTs) as compared to
carbon multi-walled carbon nanotubes (C MWNTSs) [13],
which is an unexpected result as simulations have predicted
lower displacement energies for both B and N atoms in
BN nanotubes as compared to carbon atoms in carbon nan-
otubes [14]. Moreover, low-dose irradiation was reported
to even give rise to the annealing of defects formed during
the growth of BN MWNTs [15]. It was also demonstrated
that electron irradiation of BN MWNTs at low (104 K)
temperatures does not give rise to amorphization after con-
siderable irradiation [8]. Based on this result, the authors
argued that the damage and the annealing mechanisms in
BN nanotubes is different from that of carbon nanotubes
where the sample temperature is a major factor in irradia-
tion response.

While there is some experimental, though not fully un-
derstood, data on the response of BN nanotubes to electron
irradiation, there is essentially no experimental informa-
tion on ion irradiation of BN nanotubes. Relatively little
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research has been conducted so far on bulk BN systems
[16], and it is not obvious at all if the data received for bulk
phases is relevant to BN nanosystems.

In this paper we present the results of our experiments
on ion irradiation of BN nanotubes. Also a comparison to
the response of C MWNTs to ion irradiation was made.

2 Experimental details

2.1 Samples MWBNNT were ultrasonically dis-
persed in ethanol and a few drops of the resultant solutions
were dripped on standard 3 mm TEM grids coated with
a thin carbon film. The procedure ensures uniform dis-
tribution of the nanotubes over the grids and provides a
homogeneous nanotube film (randomly oriented tubes)
of approximately one nanotube diameter thickness. The
nanotubes on the grids have typical diameters of 20-70
nm and did not have any BN or B503 particles which can
sometimes be found in the as-grown material [17].

2.2 Irradiation The samples were irradiated using a
500 kV ion implanter. Source gas (Ar and He) was ionized
in a cold cathode penning ion source and the ions were ac-
celerated with an electrostatic field generated with a driver
unit and a multi-doubler stack. The produced focused ion
beam was run through a beam sweeping system which ras-
terized the beam over selected target area to produce a ho-
mogeneous irradiation treatment.

The ion beam heated the sample in case of He ions. A
rough upper estimate of the resulting temperature is given
in Table 1. As the contact area between nanotubes and the
grid is unknown, the equilibrium temperature was calcu-
lated taking into account only power coming in via the ion
beam and power going out through thermal radiation. Thus
the true temperatures were lower than the estimated up-
per limit. Sample d was heated up to the given temperature
with an heatable sample holder and the temperature esti-
mate should be more accurate.

2.3 High-resolution transmission electron mi-
croscopy The BNNT samples were studied using a
300 kV HR field-emission TEM JEM3100FEF (JEOL)
equipped with in-column Omega Filter. Carbon nanotube
samples were examined in a HR-TEM FEI Tecnai F-30
with a field emission gun and an acceleration voltage of
300 kV.

Table 1 The boron nitride samples tabulated. The sample col-
umn corresponds with the panel labeling in Fig. 2. ¢ stands for
irradiation dose.

Smpl. Ton E(keV) ¢ (1/cm?) dpa T(K) est. T (K)
a Ar 40 1x 10 0.13 RT ~RT
b Ar 40 55x 10 07 RT ~RT
c Ar 40 2 x 10%° 26 RT ~RT
d Ar 40 2 x 10*° 26 900 ~900
e He 350 3.5x 10  0.06 300 ~400
f He 350 1.2x 10 1.9 300 ~600
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2.4 Raman spectroscopy The Raman measure-
ments were carried out using a single-stage spectrometer
(Acton SpectraPro 5001, resolution 10 cm-1) equipped
with a charge-coupled device camera (Andor InstaSpec
IV) and an Ar+ laser (Omnichrome 543-AP, 100 mW at
514.5 nm). The laser radiation was focused to the sample
surface, and Raman light was detected in the transverse
direction without polarization analysis. More details of the
experimental procedures can be found elsewhere [18]. As
BN nanotubes are wide-gap semiconductors [5], one can
expect that the whole volume of the nanotubes was probed
by Raman spectroscopy.

3 Results and discussion

3.1 Displacements per atom As displacement per
atom (dpa) is an important quantity to assess the amount
of damage created by the ions, computer program TRIM
[19] was used to estimate the amount of damage result-
ing from different irradiation treatments. In fact dpa gives
the upper limit for the amount of damage, as many de-
fects immediately anneal after ion impact. The target was
set to be hexagonal bulk boron nitride with density of
2.27g/cm? and stoichiometric ratio of 1:1. Displacement
energies were set to 15eV for B and 14eV for N [14].
These displacement energies are for the radial direction in
the tubes and in reality there is large angular dependence
which was not accounted for here.

The damage distribution is shown in Fig. 1. The aver-
age values at the area of interest corresponding to nanotube
typical diameters (20-50 nm) are given in Table 1. It is im-
portant to note that in case of He, the Bragg peak is well
beyond the nanotube diameters, and the dpa values corre-
sponding to nanotubes are shown in the inset of 1(b). Al-
though the range of 40 keV Ar is comparable to the tube
tickness, damage distribution is relatively uniform from 0
to 50 nm and one should not expect big differences in mor-
phologies of different nanotubes, as in fact, confirmed by
our observations.

3.2 TEM images TEM images of typical irradiated
BN nanotubes are presented in Fig. 2. The labeling of the
panels is the same as the sample labeling in Table 1.

Panels (a), (b) and (c) show the structure of BN
MWNTs after Ar ion irradiation with increasing dose from
(a) to (c) (see also Table 1). In panel (a), some interrupted
lines can be seen but the tube shells remain mostly intact.
Such lines are also present in pristine nanotubes, but their
density is normally lower. With increasing the dose, the
structure becomes more and more disordered, ending up in
nearly amorphous structure for irradiation dose 2 x 10'°
ions/cm?. Similar trend was observed for He irradiation,
panels (e) and (f), but the difference between intact and ir-
radiated samples was not as big as in the argon case. Some
disorder can be seen as darker spots in the panels. How-
ever, one should be cautious in the conclusions because of
beam heating effects.
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Figure 1 Displacements per atom as a function of depth in boron
nitride multi-walled nanotubes subjected to 40 keV argon irradi-
ation with a dose of 1 x 10'* ions/cm? (a) and 350 keV He ions
with a dose of 1.2 x 10'® ions/cm? (b). Note the difference in
the scales for Ar and He. The inset in panel (b) shows the dpa
corresponding to BN MWNTSs used in our experiments.

Panels (c) and (d) can be compared in order to assess
effects of target temperature during irradiation. The spec-
imen shown in panel (d) was held at elevated temperature
of approximately 900 K. Clear difference can be seen be-
tween the nanotubes. Elevated temperatures increase the
resilience of BN MWNTS to ion irradiation as the number
of defects in the heated sample is smaller after similar ir-
radiation doses. This can be attributed to in sifu annealing
of defects, as in the case of carbon nanotubes, where many
defects are repaired almost instantaneously through defect
migration and recombination and hence defect accumula-
tion is considerably reduced. This also means that point
defects in BN MWNTs are mobile at 900K.

It should be pointed out that due to carbonaceous impu-
rities in the vacuum system during irradiation, some con-
tamination was introduced on the surface of the nanotubes.
Such a layer is marked out in panel (f) of Fig. 2. Similar
layers are visible in other panels and they can be clearly
distinguishable because of the sharp interface. The con-
tamination is composed of mostly carbon, as confirmed by
electron energy loss spectroscopy and spatially-resolved
elemental mapping. The origin of carbon contamination
is not fully understood, but it is very likely that carbona-
ceous species came from carbon coating of TEM grids due
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Figure 2 HR-TEM images of the samples with the specification
given in Table 1. Only one side of each tube is displayed.

to beam heating and sputtering effects. As BN nanotubes
are non-conducting and thus are charged by the ions, they
could have attracted atoms and molecules. Nevertheless, as
the thickness of amorphous layer is much lower than pro-
jected ranges of either ion type, the contamination does not
affect the main conclusions of our work.

The Raman spectra of BN MWNTs irradiated with Ar
ions are shown in Fig. 3. The spectra of the carbon coating
of TEM grids was subtracted from the measured spectra.
Pristine nanotubes exhibit a single peak in the spectra at
1360 cm~1. Irradiation does not change much the main
Raman peak. The only difference for the irradiated sam-
ples is the appearance of a broad band below 1300 cm~! at
intermediate doses. This band fits the Raman band of BN
nanocrystals or BN amorphous phase [20]. The weakness
of this feature may be connected with a relative decrease
of the Raman scattering cross-section for the disordered
phase and with different volumes of ion irradiation and Ra-
man probing (larger for Raman).
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Figure 3 Raman spectra of BN multi-walled nanotubes irradi-
ated with Ar ions. Disorder does not give rise to new peaks, con-
trary to carbon nanotubes and graphite.

Comparison of panels (c) and (f) can be made to un-
derstand contributions of nuclear and electronic stopping
mechanisms to defect production. In case of 40 keV Ar
ions the electronic and nuclear stopping power have sim-
ilar magnitudes, whereas for 350 keV He electronic stop-
ping power is three orders of magnitude larger than nu-
clear stopping power. Although the values of dpa provided
by TRIM are different by a factor of 1.4, the structure of
MWNT, irradiated with Ar ions is much more disordered.
Thus one can expect that electronic stopping (at least for
values of the stopping power of about 2 MeV/(mg/cm?))
does not give rise to considerable defect production, but
heats the sample, which gives rise to in situ annealing of
defects.

Finally, to compare the response of BN and C MWNTs
to ion irradiation, we also irradiated C MWNTs. TEM im-
ages of the tubes are presented in Fig. 4. For Ar ions, the
irradiation doses were the same as for BN MWNTs, for He
ions one order of magnitude less than the maximum dose.
The comparison of Fig. 4(a) to Fig. 2(b) and Fig. 4(b) to
4(f) indicates that BN MWNTs appear to be less damaged
than their carbon counterparts, as the walls of both C and
BN pristine nanotubes looked like straight lines in the TEM
images.

To sum up, in this paper we presented preliminary re-
sults of our experiments on ion irradiation of BN MWNTs.
A dose of 2 x 10'® ions/cm? was found to give rise to com-
plete amorphization for irradiation with 40 keV Ar ions,
while a comparable dose (in terms of displacement per
atom) of 1.2 x 10*8 ions/cm? for 350 keV He caused signif-
icantly less damage. Raman spectra were found to depend
weakly on the number of defects in the sample. Elevated
temperatures considerably reduce the amount of damage
indicating that efficient annealing of defects occurs in BN
nanotubes already at 300°C. As ion ranges are much higher
than the thickness of the contamination layers, our main
conclusions should not be affected by the contamination.
Overall, our results provide evidence that multi-walled BN
nanotubes have similar or even better stability under ion ir-
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Figure 4 HR-TEM images of carbon multi-walled nanotubes af-
ter irradiation with 40 keV Ar ions and a dose of 5.5 x 10
ions/cm? (a). After irradiation with 350 keV He ions and a dose
of 3.5 x 107 ions/cm? (b).

radiation than their carbon counterparts, and our future ex-
periments will assess the relative stability of BN nanotubes
under particular ion beams.
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