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Abstract: We report on post-synthesis carbon doping of individual
boron nitride nanotubes (BNNTS) via in situ electron-beam irradiation
inside an energy-filtering 300 keV high-resolution transmission
electron microscope. The substitution of C for B and N atoms in the
honeycomb lattice was demonstrated through electron energy loss
spectroscopy, spatially resolved energy-filtered elemental mapping,
and in situ electrical measurements. Substitutional C doping trans-
formed BNNTs from electrical insulators to conductors. In compari-
son with the existing post-synthesis doping methods for nanoscale
materials (e.g., ion implantation and diffusion), the discovered
electron-beam-induced doping is a well-controlled, little-damaging,
room-temperature, and simple strategy that is expected to demon-
strate great promise for post-synthesis doping of diverse nanoma-
terials in the future.

Well-controlled doping aimed t tailoring electrical, optical, and
magnetic properties for specific gpplicationsis a highly important topic
in “bottom-up” nanoscale materials research. In comparison with most
doping events, which occur by dopant introduction during synthesis,*
post-synthesis doping could place specific dopants into well-defined
regions through masking/lithography after nanomaterial synthesisand
even at the stage of device fabrication,2* as has been demonstrated
utilizing ion implantation® and diffusion.®> However, post-synthesis
doping still suffers from severe crystal damage under ion implantation,?
the high temperatures needed for diffusion,® and the complex
procedures involved in masking® and lithography° to define doping
regions or in introducing dopants.*® Herein, we report on the post-
synthesis carbon doping of individua multiwalled boron nitride
nanotubes (BNNTS) via a well-controlled, mild-conditions, room-
temperature, and simple strategy based on in stu eectron-beam
irradiation of the tube in a transmission electron microscope (TEM).

BNNTS, astructura equivaent of carbon nanotubes (CNTS), exhibit
rival mechanical properties and considerably higher therma and
chemical sabilities than CNTs*® In contragt to the uncontrollable
chirality-dependent electrical properties of their C counterparts, BNNTSs
are electrical insulators with a helicity-independent band gap of ~5.5
eV.*> As hybrids of BNNTs and CNTSs, ternary B—C—N nanotubes
exhibit tunable electrica properties intermediate between those of
BNNTs and CNTs that depend on relative elemental fractions and
spatial arrangements of the elements.*>® Therefore, well-controlled C
doping of BNNTS offers the rare possihility of delicate tailoring of
the electrica properties of ananotube. Even though B—C—N nanotubes
have been synthesized by doping CNTs with B and N*&43¢ gnd
obtained by C doping of BNNTS through diffusion,®® post-synthesis
C doping of BNNTSs providing well-defined doped regions and well-
controlled dopant concentrations remains a grand challenge.

Thein stu experiments were performed at room temperature inside
a300kV JEOL 3100FEF (Omega Filter) field-emission high-resolution
TEM (HRTEM) equipped with a scanning tunneling microscope
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Figure 1. (a) Schematic drawing of electron-beam-induced C doping of a
BNNT. (b) EEL spectra of the BNNT in the beginning (top) and end
(bottom) of C doping. (c) Zero-loss and corresponding spatially resolved
elemental maps of the BNNT after doping. (d) HRTEM image of the framed
area in the zero-loss image in (c).

(STM)—TEM “Nanofactory Instruments’ holder. High-purity BNNTs
synthesized by a chemical vapor deposition method were used (Figure
Sl in the Supporting Information).” For C doping, a tiny amount of
paraffin wax (CHaniz with 19 < n < 36) was placed severd
millimeters away from the mounted BNNT samples (Figure S2), and
then the BNNT sdlected for doping was irradiated with an electron
beam. The introduction of paraffin wax induced the absorption of
hydrocarbon molecules on the surface of BNNTs.® Under electron-
beam irradiation, C species appeared as a result of decomposition of
the hydrocarbon molecules.® Herein, we show that the decomposed C
can be substituted for B or N atoms within the tube lattice when the
tube is bombarded with high-energy eectrons (Figure 1a). To
thoroughly confirm substitutional C doping of BNNTS, structure and
composition characterizations and in-tandem electrical measurements
were performed on the same tube before and after doping. We obtained
similar results from 13 individual BNNTS. In order to provide a fully
consistent, complete, and detailed picture, the data presented in this
communication were collected from the same tube.

Figure 1b shows electron energy loss (EEL) spectra of the same
BNNT acquired in the beginning and end of C doping. The charac-
teristic K-edges of B at 188 eV and N at 401 eV are clearly identified.
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Figure 2. @) Two-terminal |-V curves of aBNNT before and after C doping.
Theinset isa TEM image showing how the tube was connected to gold and
tungsten eectrodes. (b) 1—V curve measured during tube thinning under
electrical current flow. The inset shows zero-loss and C elemental maps after
thinning.

In contrast to the EEL spectrum showing a negligible C content (~2
aom %) in the beginning of doping, the characteristic K-edge of C
appeared at 284 eV with sharp 7* and o* peaks after doping. This
indicates that sp?-hybridized C was incorporated into the BNNT.
Quantification of the EEL spectrum after doping gave aB/C/N atomic
ratio of 0.77:0.25:1.00, indicating that C seems to preferentialy
substitute for B atoms in the honeycomb lattice (Figure S3). The
incorporation of C was also confirmed by spatially resolved elemental
maps (Figure 1c). Almost the same intensity profiles were obtained
from B, N, and C maps (Figure $4). The C map showed a higher C
concentration in the outer shells, where C doping was initiated. An
HRTEM image of the tube (Figure 1d) showed well-structured tubular
shells after doping, providing solid evidence that the present electron-
beam-induced doping occurs within the tube | attice under little-damage
conditions. The absence of a separate C-layer coating on the BNNT
in Figure 1d, the nearly identical intensity profilesinthe B, N, and C
maps, the unegual atomic percentages of B and N, and the absence of
a diameter increase as a result of doping (Figure S5) enable us to
unambiguoudly conclude that C was incorporated by substitution for
B or N aoms in the honeycomb tube network but not through
formation of a surface C shield.

The substitutional C doping of the BNNT was further confirmed
by direct eectrical measurements. The tube was electricaly insulating
with no detectable current under abias voltage of 10 V before doping,
in agreement with the previous measurements on pure BNNTs.® Once
the tube was irradiated with electrons in the presence of paraffin wax
dropletsin itsvicinity, its conductance dramatically increased and kept
increasing with irradiation time (Figure S6). The tube finaly became
metallic with a measured resistance as low as ~90 kQ (Figure 2a).
The conductance increase with irradiation time is attributed to an
increasein C content,® so the C concentration, and thus the electrical
properties of BNNTS, can be engineered by a smple irradiation time
contral. In order to visualize tube failure, the bias voltage was gradudly
increased until a steep current decrease appeared (Figure 2b). However,
at this stage, the tube had not completely failed but was only thinned
by ~6 nm in its middle portion (Figure S5). Repeatedly acquired
elemental maps showed the appearance of a gap in the C map at the
thinned portion but not in the B and N maps (Figure 2b inset and
Figure S7). This definitely indicates that the current of the tube was
mainly carried by the outer C-doped BNNT shells. In other words, C
doping of the outer shells changed the BNNT from an insulator to a
conductor.

The knock-out gections of B and N atoms and subsequent healing
of vacancy defects with C atoms are proposed to be responsible for
the discovered eectron-beam-induced doping. Threshold eectron-beam
energies for B and N atom gjections from BNNTs were found to be
~80 keV1%2P (795 and 118.6 keV in the most recent publication'®®);
these are much lower than the working voltage of 300 keV in our

experiments. Since the formation energies of substitutional C defects
a both B and N sites have been predicted to be lower than those of B
and N vacancies,** the B and N vacancies produced by knock-out
gection would immediately be filled by C atoms originated from
decomposed hydrocarbon molecules.

To sum up, subdtitutional C doping of individual multiwalled
BNNTs was achieved in situ insde an HRTEM via electron-beam
irradiation, resulting in the transformation of the BNNTs from electrical
insulators to conductors. Since the electron beam can be focused down
to a subnanometer size and be well-controlled in amanner peculiar to
electron-beam lithography, the presently discovered electron-beam-
induced doping is expected to produce well-defined doped regions with
subnanometer resolution. Furthermore, the dopant concentration can
be perfectly controlled through tuning of theirradiation time and beam
energy. Apart from individua BNNTS, simultaneous doping of large
fractions of nanotube powders can aso be achieved using irradiation
of correspondingly larger areas. The reported process is envisaged to
be a promising method for on-demand doping of a given nanomateria
in the future as a consequence of its perfect controllability, relative
simplicity, minor-damaging, and room temperature conditions.
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