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ABSTRACT

In contrast to standard metallic or semiconducting graphitic carbon nanotubes, for years their structural analogs, boron nitride nanotubes, in

which alternating boron and nitrogen atoms substitute for carbon atoms in a graphitic network, have been considered to be truly electrically
insulating due to a wide band gap of layered BN. Alternatively, here, we show that under in situ elastic bending deformation at room temperature

inside a 300 kV high-resolution transmission electron microscope, a normally electrically insulating multiwalled BN nanotube may surprisingly
transform to a semiconductor. The semiconducting parameters of bent multiwalled BN nanotubes squeezed between two approaching gold
contacts inside the pole piece of the microscope have been retrieved based on the experimentally recorded -V curves. In addition, the first
experimental signs suggestive of piezoelectric behavior in deformed BN nanotubes have been observed.

Boron nitride nanotubes (BNNTSs), which represent an and their mobility, were extracted from the experimehtaV/
important class of inorganic nanotubes, have attractedcurves. It is worth noting that the deformation-induced
significant attention since their theoretical prediction in electrical effects in BNNTs, which include an unusual
19941 Structurally, BNNT is similar to a carbon nanotube piezoelectric-like behavior, have been predicted theoretically
(CNT). However, electronically, BNNT is quite different but never observed experimentally; thus the regarded work
from its carbon counterpart. Because of its ionic origin the provides the first experimental observation of these unique
BNNT band gap £5.5 eV) is almost independent of tube phenomena.

diameter, number of shells, and chirakt{f.herefore, nor-
mally, BNNTS are insulating.On the other' hand, a recgnt Instruments scanning tunneling microscope (STMAns-
theoretical work on BNNTs under flattening deformafion isqion electron microscope (TEM) joint instrumérin-
has predicted the unique possibility of band gap tuning in a g0 104 into 2 JEM-3100FEF (JEOL) 300 KV field-emission

.2_5 e_\/ range, 1.e., elec_tncal response may vary from high-resolution TEM. An STM probe attached to a piezo-
insulating to semiconducting. BNNTs have excellent me- .
motor was controlled by the commercial software and

chanical properties; their elastic modulus is nearly analogous .
. electronics from Nanofactory Instruments ABA sharp
to that of CNTs® as measured and/or calculated on multi- . ) :
metallic STM tip was fixed on the moveable end of a

walled BNNTs8 8 BNNTs were also predicted to exhibita . S ) ;
piezotube, facing its opposite electrode, i.e., another metal

iezoelectricity? ! Thus these NTs have a high potential . i )
b y gn p c]lp, and oriented perpendicular to an electron beam of TEM.

for applications in hanometer scale sensors, actuators, anA STM and ter tinjelectrod de of aold
advanced nanoelectromechanical systems (NEMS) with n and a counter tip/eiectrode were made of goid,

integrated electronic/optoelectronic functions. Here, we show platinum, or tungsten n multiple expenmental runs. A
the striking effects of mechanical deformation on an electrical nanotube sfample was _f|rst attached onto_ either an ST_M tip
response of multiwalled BNNTSs under nanomanipulation and ©F ItS 0pposite counter tip/électrode. Then it was tightly fixed
nanoprobing in a 300 kV high-resolution analytical transmis- O the tip through manual manipulation with tweezers, and
sion electron microscope. The bending deformation results € Position of the counter electrode was adjusted to obtain

in the dramatic BNNT electrical transition from an insulator the minimal possible gap distinguished by eye between the
to a semiconductor. The semiconductor parameters of Metallic contacts in an optical microscope. The electron

deformed BNNTS, including resistivity, carrier concentration, microscope was equipped with an electron energy loss
spectrometer (EELS, Omega filter) and an energy dispersion
* Corresponding author. E-mail: GOLBERG.dmitri@nims.go.jp.

 International Genter for Young Scientists. X-ray dete_ctor (EDS, _Noran). Therefore, the precise §tructl_JraI
*Nanoscale Materials Center. and chemical analysis before, under, and after manipulation/

The experiments were carried out by using a Nanofactory
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Figure 1. (a) Schematic drawing of the experimental setup. (b)
STM tip contacting a BN nanotube inside TEM. (c) Image of a
STM tip contacting a multiwalled BN nanotube at the improved ¢
physical contact between the tip and the tube. (d) Enlarged TEM
image of the contact area in (c) with the tip penetrated inside the
tube.

deformation/electrical probing can be performed in situ :
through parallel TEM imaging, electron diffraction, and gnm 5
spatially resolved spectroscopic methods. The BNNTS were [#E5E5s
prepared via a carbon-free chemical vapor deposition méthod.
A mixture of MgO and FeO or SnO and a boron powder Figure 2. (a—d) Sequential images of a given BNNT bending and
was used to produce the catalyst and boron oxide vapors. relief process inside TEM; bottom insets show the HRTEM images
The vapor-phase reactions between a boron oxide and ‘of the relaxed and heavily elastically bent BNNT matching the
] . ; ramed areas in (c) and (d), respectively.
supplying ammonia gas at a high temperature produced the
bulk quantities of impurity-free multiwalled BNNTS. electrode-nanotube circuit. Because of a high resistance of
Figure l1a shows a simplified scheme utilized for the the contact points, a locally high temperature can be
electrical measurements and manipulation using the FEM generated. This caused the metal probe nanowelding to a
STM instrument. A piezodriven stage with an etched STM nanotube and forming a perfect physical contact between
tip served as a moveable electrode, and another sharplythe two. Figure 1c shows the most effective method to
etched metal tip served as its counterpart. The BNNT sampleimprove the intimacy of a physical contact. If a STM tip is
is attached onto either tip using a sticky graphite paste. Thesharp enough (a radius of curvature~adeveral nanometers),
STM tip positions could be easily controlled in three it may be inserted into the hollow channel of a nanotube.
dimensions, X, Y, and Z, within the pole piece of the Then, a moderate current was again applied to weld the
microscope in a wide spatial range to make a decent on-nanotube to the electrode. Figure 1d is the enlarged TEM
demand contact and/or to manipulate with an individual images of the contact area with the tip penetrated into the
BNNT. Figure 1b displays an STM tip contacting a BNNT. tube. In contrast to the previously reported standard two-
The sample status could be checked in a real time inside theterminal or four-terminal electrical measurements of nano-
microscope, while all conventional TEM operations, e.g., tubes in which only the outer wall of a multiwalled nanotube
lattice-resolved imaging, electron diffraction, spatially re- was in contact with the electrical leads (thus only its
solved EELS, and EDX are also readily available. The two- outermost wall participated in the electrical transport), the
terminal |-V curves were measured using a “Nanofactory technique developed here allows all tubular shells to
Instruments” (a maximum voltage140 V) power genera-  simultaneously participate in the transport.
tor.tS Figure 2a-d displays the sequential images of a repre-
First, we emphasize here that it is crucial to make a good sentative BNNT during a gradual increase in its bending
physical contact between an electrode and a BNNT during curvature o under the gentle moves of a piezodriven
electrical probing. In this study, when a STM probe electrode. In this particular case, both electrodes were made
mechanically contacted a nanotube, a moderate current ofof gold. Importantly, the deformation can be fully recovered
several dozens of nA was applied to pass through theusing the delicate STM manipulation. Surprisingly, the
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Figure 3. (a) Serials of the representatilreV curves along with
an increase in a BNNT bending curvatuee,an approximate NT

12

is basically linear, which still demonstrates the characteristics
of an insulator. With increasing in a tube bending curvature,
the current remarkably increases starting from@®aV bias
(yellow side triangles). In a large bias regime, thé/ curve

can be differentiated to obtain a resistafoaf the nanotube,

R ~ dV/dl. For this bending curvature, the resistariRe
largely decreases, up t6480 MQ. The R continues to
decrease te-260 MQ (green upper triangles) with a further
increase in a bending curvature. Interestingly enough, during
the experiments, when a BNNT bending state was nearly
recovered to its initial state, thle-V characteristics were
also recovered. Starting from a moderate bending curvature,
the |-V curve basically demonstrates the symmetry and
current values suggestive of a semiconductor. Thus, the
measured system as a whole can be regarded as a-metal
semiconductormetal circuit. The carrier type of the BNNTs
was first checked through fabricating a BNNT field-effect
transistor (see Supporting Information and Figure S1).
Because the work function of gold-6.1 eV) is less than
that of BNNT, and the BNNTs behave as p-type semicon-
ductors, the two contacts could be considered to be of
Schottky type. Therefore, the observiedV characteristics
should be modeled by treating the transport in the BNNT as
in a metat-semiconductormetal circuit involving the two
Schottky barriers and a resistor in between. For two such
Schottky barriers, if one is forwardly biased, the other
becomes reversely biased, and vice versa. Because a tun-
neling current becomes the dominating mechanism under
reverse bias in low-dimensional systetfithe electrical
transport can be dominated by the reverse-biased Schottky
barrier under an intermediate bias.

To evaluate the possible influence of the contact material
on the observed deformation-driven electrical phenomena and

curvature is depicted on the right-hand legend. (b) Experimental exclude possible artifacts, we carried out the analogous test

and fitted In vs V plots at intermediate bias using theV curve
4in (a).

experiments by changing both gold contacts to platinum
contacts (Pt work functiogp ~ 6.1 eV, >¢ of BNNT) and

BNNTSs revealed a remarkably high elasticity, which has been by changing one gold tip to a tungsten tip (W work function
hardly a priori expected for a somewhat ioniclike BN layered ¢ ~ 4.5 eV, <¢ of BNNT). The regarded electrical
compound. In the present experiments, the BNNTSs, bent overPhenomena were again observed under deformation (see
their elastic limit, usually broke, so no plastic deformation Supporting Information and Figure S2). Therefore, we
was observed. The multiwalled BNNTs were found to be e€mphasize here that the observed electrical transition is not
markedly flattened, while bent, as shown in the high- related to a metal contact type. On the other hand, in the
resolution TEM image corresponding to the framed area in case of BNNTSs, in contrast to CNTs, no matter what kind
Figure 2d. The graphitic lattice was recovered when the of a metal electrode is used and how good the physical
nanotube was relaxed, as shown in the high-resolution TEM contact is, any current is hardly passed through a tube in its
image corresponding to the framed area in Figure 2c. It is nondeformed state, up to a very high applied bias voltage.
noted that, in the bending area, the rippled distortion can beIn addition, other test experiments, in which two metal
seent® It is a bit different from the smooth profile of the contacts approach each other (without a BNNT sample
rippled CNTY” which may be caused by the relative mounted)were performed to evaluate a field-emission current
brittleness of BNNTs compared to CNTs. appearing between the metal electrodes under biasing. At

Figure 3a presents a series of consecutively recolretidd the same distances between the metal leads and same bias
curves along with an increase in BNNT bending curvature. voltages that were used in the above-mentioned experiments
For an initial two-end clamped not-bent BNNT, a meaningful with the BNNTS, a current can hardly reach several nA, that
current could be hardly detected (black squares). When theis, much lower than in a nanotube-containing circuit.
BNNT was slightly bent through delicate driving of the STM  Therefore, the mechanical deformation is an essential mean
tip, a passing current of several nA at a voltage of several V for the observed transition of the BNNT electrical perfor-
(red circles) was recorded. However, the nanotube resistancenance, albeit the contact indeed may play an important role
R still remains high,~2 GQ. The high-resistant—V curve for the semiconducting transport in the BNNT system.
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Theoretically, the band gap of a single-walled BNNT could
be changed within a large range«2 eV) by cross-section
flattening? In this study, the multiwalled BNNTs were found

Table 1. Electrical Parameters of a Bent BNNT under
Increasing of Its Bending Curvature

bending curvatureo 1 2 3 4 5 to be markedly flattened, while bent, as shown in the high-
resistance (GQ) 12 2 0.48 0.42 0.26 resolution TEM image of Figure 2. In fact, the nanotube
resistivity (Q cm) - - 22.6 19.3 12.2 became largely flattened, and a spacing between the two
hole concentration - - 1.1x 10 1.6x10'7 2.8 x 10" opposite sides of the inner wall becomes very close to an
(/em3) interlayer basal plane spacing in the standard layered
mobility (cm*V's) - - 250 2.02 1.83 (hexagonal or rhombohedral) BN systet(333 nm). Also,

We also analyzed the structure of BNNTs during in situ an improved physical contact between the electrodes and
TEM while probing. Among all BNNTSs studied, there was nanotubes makes all walls of a BNNT simultaneously
a notable tendency for the so-called “zigzag” atomic ar- participate in the electrical transport, that is to say, the
rangement of the tubular graphitic sheets with respect to thedetected current is from the all parallel-connected shells, and
tube axes (see Supporting Information and Figure S3). It is each shell is equivalent to a single-walled nanotube. There-
noted, though, that the striking change in the electronic fore, the experimental results can be analyzed in the light of
behavior was also found in the case of other monochiral andthese specific characteristics.

multichiral BNNTSs. So far, the role of nanotube Chirality is Another possible reason that accounts for the experimen-
not yet clear. During structural characterization and sample ta|ly observed deformation-driven transport may be bending-
manipulation inside TEM, we tried to minimize the electron induced in-shell defect formation (e.g., voids, vacancies,
beam effects by choosing a very low beam current density antisite atoms, etc.), which should also modify the band

(at least half of that used under normal imaging conditions strycture. The defects may appear on berfdingt disappear

of 1-2 Alcn¥). In addition, we shut off the electron beam  after a load release. In our recent work, we demonstrated
when thel—V curves were recorded. Thus, the related that heavily corrupted elastically deformed BNNT layers may

contamination and electron-beam-induced structural damagesy|ly restore their original shape and structural perfection

were fully excluded or, at least, decently minimized. For the ypon unloading®

sake of clarity and control, after several cycles of bending  the |ocal electronic structure can be in situ probed using
and consecutive-V curve recording, the EELS spectrawere g s The evolutions of the EELS spectra under bending

taken from the tested BNNT. These show pure BNNT o6 recorded (see Supporting Information and Figure S4).
compositions with atomic ratios of B/N close to 1.0. No other i, increasing a bending curvature, the consecutive changes
signals (related to the tube contaminations) were detected;y he horonk edge fine structure become visible. The fine
(see Supporting Information and Figure S3). structure of ar* peak and the intensity ratio of* and o*

The semiggon_ductor_paramet_ers can be retrieved from thepeaks are obviously changed. This is direct evidence of the
I—V curves®*?in the intermediate bias regime where the highly |ocalized modifications of the electronic structure
reverse-biased Schottky barrier dominates the total currentj,q,ced by BNNT bending.

I The bending effect on the electrical transport was typically

more obvious for the shorter BNNTSs. For the longer BNNTS,

Inl=In(S) + V(ﬂ _ l) +1n Jq 1) only negligible flattening deformation may occur near the
KT Ey contact points such that the overall bending effect becomes
weak.
whereJ is the current density through a Schottky barrikr, In the course of this work, it was additionally found that

is a slowly varying function of an applied bias, aBds the the electrical performance of deformed BNNTSs is suggestive

contact area associated with a barrier; in tUgnjs given of the piezoelectric effects. For example,lafV/ curve was

by the equation:Ey = Ego cothE&od/kT), whereEqy = hg/2 first recorded through voltage sweeping from a negative to

(n/m*€)2, nis hole concentrationn* is an effective hole  a positive range. During the second sweeping, a voltage was
mass of a bent BNNT, andis the dielectric constant. The applied in the reverse direction, from the positive to negative

logarithmic plot of a currentt as a function of a biag gives values. It is notable that a distinttV hysteresis appears.

an approximately straight line with a slopegstkT) — 1/E,, Figure 4a shows a representative'V hysteresis loop
as depicted in Figure 3b. recorded on a deformed BNNT.

Thus, the hole concentratiam can be acquired vi&,, We then use a simple model to analyze this interesting
and a carrier mobility: can be obtained from the resistivity  electrical phenomenon regardless of the Schottky barrier role
p of a bent nanotube. Applying this procedure to the/ when an applied voltage has already reached a few tens of

curves in Figure 3a, the bent BNNT resistance, resistivity, volts. First, we note that BNNTs are noncentrosymmetric
hole concentration, and carrier mobility were extracted, as and are naturally polar. Therefore, they have been suggested
summarized in Table 1. to possess piezoelectricity® Schematic illustration of the

It is well-known that a free-standing nondeformed BNNT model is shown in Figure 4b. In this measurement setup,
is electrically insulating. Needless to say, it is quite puzzling one circuit end is grounded. Because BNNTs are bent by
that the electronic structure of BNNTs can be tuned from approaching two electrodes, a compression strain should
insulating to semiconducting through a bending deformation. dominate the overall elastic deformation. This induces the
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8 which the piezoelectricity is not very strong and is hardly
detected experimentally. Therefore, our data suggest that the

Q

% |-V hysteresis-like curves result from the piezoelectric effect
4 . rather than other effects.
Sk o It is finally emphasized here that the locally deformed

*, BNNTs are assumed to be highly useful in smart nanodevice

—-u.—:_-:-'-L-:‘,L—':'-% applications. In fact, because the severity of BNNT flattening
%5, 2% agyty®agant = 0T

Current (nA)

oL w changes along the nanotube, the bent BNNT itself becomes
) " a kind of a heterostructure; it may directly act as a local
4k % V“.“*’ffo:"e‘iz"lg'- optical detector and sensor in advanced miniaturized nano-
':. B from +to - devices.
-6 In summary, we performed in situ manipulation and
Y] P NN SN S electrical transport measurements on individual multiwalled
-100 - 50 0 50 100 BNNTSs inside a high-resolution transmission electron mi-
Voltage (V) croscope. Remarkably, the nanotube electrical_ trans_port
properties were found to be smoothly tuned from insulating
to semiconducting through a bending deformation. Impor-
tantly, such unique transition was reversible. The BNNT
b Vs semiconductor parameters were retrieved from the experi-
mental -V data. Resultantly, it was confirmed that the
B (4—\ A unmatched transition in the BNNT electrical p_erfor.mance
BNNT had been governed by deformatidr.V hysteresis existed

in bent BNNTs under the change in a bias voltage sweeping

polarity, which could be a sign of BNNT piezoelectricity.
J_ Keeping in mind that BNNTs possess excellent mechanical
— properties and are ultralightweight materials, the discovered

Figure 4. (a) Representative—V hysteresis loop obtained on a deformation-driven tuning of BNNT electrical appearance

deformed BNNT when a bias voltage is sweeping from negative and _piegoelgctricity may have many interesting prospective
to positive and from positive to negative values. (b) Schematic applications in the nanoscale sensors, actuators, and advanced

model of a transport circuit which includes a piezoelectric BNNT. NEMS devices with integrated electronic/optical functions.
An arrowed labeP shows the direction of polarization.
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