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Abstract

The electrical properties of boron nitride (BN) nanostructures, particularly BN nanotubes
(NTs), have been studied less in comparison to the counterpart carbon nanotubes. The present
work investigates the field emission (FE) behavior of BNNTs under multiple cycles of FE
experiments and demonstrates a strain-engineering pathway to tune the electronic properties
of BNNTs. The electrical probing of individual BNNTSs were conducted inside a transmission
electron microscope (TEM) using an in situ electrical holder capable of applying a bias
voltage of up to 110 V. Our results indicate that in the first cycle a single BNNT can exhibit

the current density of ~1 mA cm~2 at 110 V and the turn-on voltage of 325 V um~!.

1

However, field emission properties reduced considerably in subsequent cycles. Real-time
imaging revealed the structural degradation of individual BNNTSs during FE experiments. The
electromechanical measurements show that the conductivity of BNNTS can be tuned by means
of mechanical straining. The resistance of individual BNNTs reduced from 2000 to 769 M
and the carrier concentration increased from 0.35 x 10'7 to 1.1 x 10!7 cm™3 by straining the

samples up to 2.5%.

(Some figures may appear in colour only in the online journal)

1. Introduction

Boron nitride nanotubes (BNNTSs) are not only structurally
similar to carbon nanotubes (CNTs) [1], but their mechanical
properties are also calculated and measured to be comparable
to those of the CNTs [2, 3]. However, BNNTs show insulating
behavior due to a wide bandgap of 5.4 eV [4]. Theoretical
simulations predict that the electronic properties in BNNTSs
can be tuned by means of mechanical deformation or chemical
alteration. Kim ez al [5] concluded that the bandgap of BNNTSs
was reduced as the cross section of the nanotubes became
oval under bending deformation. Their density functional
calculations showed that the redistribution of charges is more
significant in the conduction band compared to that of the
valence band. Golberg et al [6] altered the BN structure

0957-4484/12/105702+06$33.00

by adding carbon and facilitating the formation of B-C-N
layers. Their electrical and field emission (FE) results showed
significant improvement in the measured conductivity.

The superior antioxidation ability of BNNTSs in compari-
son to CNTs justifies their candidacy for FE applications [7].
Thermogravimetry analysis shows that BNNTSs are stable up
to 950°C, while CNTs decompose at 500°C [8]. In situ
transmission electron microscopy (TEM) observations also
showed electrical failure of CNTs takes place at a voltage
range of +7 V whereas BNNTs could withstand up to
+140 V with no electrical breakdown or physical failure [9].
In situ FE experiments conducted by Cumings er al [10]
on individual BNNTs showed stable current at high bias
voltages. However, they did not study the stability of emission
current under multi-cycle measurements. Since long-term

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. (a) The corresponding /-V curves of a BNNT under mechanical straining. The colored curves indicate the /-V data during
progressive strain loading and the black curve (marked with a short arrow) shows the insulating behavior under no bending. (b) The TEM
image of a BNNT in contact with STM tip (no loading) corresponds to the black curve in (a). (c), (d) The TEM images of BNNTs under the
continuous increase of mechanical straining, respectively. The bending curvatures of the BNNT increase due to higher mechanical straining.
I-V curves 1 and 8 represent cases with the lowest to highest amount of bending.

emission stability is one of the major factors that prevents
practical applications of nanotubes [11]. Thus it is important
to further understand the FE cycling performance of BNNTs
for potential applications in flat panel displays.

In this work, we first tuned the electrical properties
of BNNTs under mechanical deformation. The mechanical
deformation was performed on individual BNNTs inside the
chamber of a TEM using an in situ scanning tunneling
microscopy (STM) holder. Electrical and semiconducting
properties of BNNTs were measured under different strain
levels. Then, we evaluated the FE stability of individual
BNNTs. TEM images were captured after each cycle of
FE experiments to study the possible relation between the
emission stability and the structural integrity of BNNTs.

2. Materials and methods

Our BNNTs were directly deposited on Si substrates by
thermal chemical vapor deposition at 1100-1200°C in a
conventional tube furnace [12]. These BNNTSs have a bandgap
of 6 eV [12], which is higher than those reported in
previous works (~5.4 eV) [13—-15]. The conductivity probing
experiments were performed in a STM holder under in situ
monitoring in a JEOL JEM-4000FX, operated at 200 kV.
Individual BNNTs were then attached on an Au wire by
either light mechanical scratching on the as-grown samples
or using silver paste. This Au wire was then fixed on the
tip of a piezo-driven holder that allowed nanometer motion
of the sample towards the STM tip. The sample position
was adjustable with a precision of 1 nm in the X, Y and Z
directions. Here, the sample was grounded and positive bias
voltages were applied to the STM tip. Then the I-V curves
were measured using the Nanofactory™ instrument (up to

+80 V) power generator. To reduce the effect of electron
beam irradiation on the nanotubes during /-V measurements,
the electron beam current of the TEM was reduced to half
of that we use for normal imaging. For the FE experiments,
BNNTSs were retraced away from the STM tip and then were
biased with negative range voltage to emit electrons. The
applied range of voltage started from zero up to 110 V within
20-60 s. To enhance the accuracy of current measurements,
a flat part of the STM tip was used to collect the emission
current. Because of insulating behavior of BNNTSs and voltage
limitation of our set-up, a short distance between the tip of
BNNTs and the STM tip was used to form a sufficient electric
field for capturing the emission current from BNNTSs.

3. Results and discussion
3.1. Strain engineering of electrical conductivity in BNNTs

Figure 1(a) represents /-V behaviors of individual BNNTs
under continued increase of mechanical straining. The black
curve near the X axis shows a current flow of a few
nanoamperes at 80 V applied voltage, indicating the insulating
behavior of pure BNNTs with no bending deformation
(corresponding to figure 1(b)). Our calculations revealed that
the resistance of pure non-deformed BNNTs is around 10 G2,
which is in good agreement with the reported values [16].
Next, the nanotube was subjected to a series of
mechanical straining while /-V data were simultaneously
collected. Figures 1(c) and (d) represent two different bending
curvatures of the BNNT (shown in figure 1(a)) under different
applied forces. The colored curves in figure 1(a), labeled as
1-8, represent the /-V curves at different bending curvatures.
The applied stress changes the conductivity of BNNTs; hence,
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Figure 2. (a) Characteristic In /-V data corresponding to the /-V curves shown in figure 1(a). Arrow from 1-8 indicates the increase in the
bending deformation. (b)—(d) represent the parameters of resistance, electron concentration and mobility of the bent BNNT as a function of

mechanical straining.

higher current flows were detected at higher strain levels
(corresponding to 1-8 in figure 1(a)).

One can notice from figure 1(a) that I-V curves are not
symmetric, for instance, the red curve, labeled as 3, at 80 V
leads to a current of 35 nA whereas the current detected at
—80 V was —30 nA. These asymmetric /-V behaviors are
due to different contact barriers at both ends of the BNNT.
As mentioned in the experimental procedure, one end of the
nanotube is in contact with the tungsten STM tip and the
other end is in contact with the gold wire. This can form a
metal-semiconductor—-metal (M—S—-M) circuit with different
work functions and therefore different Schottky barriers [17].

Following the theory of a M—S-M circuit [18], one can
calculate the semiconducting parameters of BNNTSs by

q

In/=WS+V|(|(—=
r=ws v ((57)

where S is the contact area associated with a bias and Jg is a
slowly varying function of the applied bias. The In7 versus V
plot gives an approximately straight line with a slope of é -

1
Ep

Eo = Egocoth[Eqo/ (ks T)], where Egg = (hq/2) (n/(m*e))'/>.
Here, 7 is 1/2m of the Planck constant, ¢ is the elemental
charge, kg is the Boltzmann constant, m* is an effective
electron mass of BNNT, n is carrier concentration and &
is the dielectric constant. The electron mobility, u, is then
calculated by using the relationship u = 1/(ngp), where p
is the resistivity of the strained BNNT estimated from the -V
curves. The calculated parameters of a BNNT under different
bending deformations are plotted as shown in figures 2(b)—(d).

As plotted in figure 2(b), the resistance of the BNNT
(dV/dl) can be tuned in a wide range of 2000-769 MS
under minimum and maximum bending deformations labeled
as curves 1 and 8 in figure 1(a), respectively. Our calculation

1

- —> +InJ

B D

and an intercept of In S, as shown in figure 2(a). In this case,

indicates that the electron concentration increases by a
factor of 3 (figure 2(c)). However, the carrier’s mobility is
decreased (figure 2(d)). The reduction in carrier mobility can
be related to the scattering between electron and phonon
under the applied electric field [19], or due to the presence
of impurities similar to the reported results for graphene [20].
As the nanotube bends, the radius of the curvature in
the nanotube’s cross section also changes. The theoretical
calculations show that the conduction electrons are more
sensitive to the induced curvature while the valence electrons
remain relatively unaffected [5]. As a result, the charge
distribution density across the nanotube diameter changes
which decreases the energy difference between the bandgaps.
Similarly, it is reported that, in the case of ZnO [21],
BirS3 [22] and BNNT [23], the carrier concentration increases
due to bandgap reduction upon the applied stress.

Unfortunately, it will be impossible to compare the exact
values of the electronic parameters obtained in this work
with the ones reported in [16] for deformed BNNTs. This is
because in [16] the change in /-V characteristics in terms of
exact strain values was not quantified. For instance, the value
of strain corresponding to the reported carrier concentration of
1.1 x 107 cm™3 for deformed BNNTS in [16] was not given.
This point in fact is the strength of the work presented here
because for the first time it provides a quantified correlation
between the values of strain and the electronic properties of
BNNTs.

3.2. Field emission properties

figure 3(a) represents the typical field emission characteristic
of an individual BNNT (shown in the inset) under an applied
bias voltage. The emission of electrons starts at a particular
voltage (~65 V), also known as the turn-on voltage, where the
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Figure 3. (a) The -V curve represents the FE behavior of an individual BNNT shown in the inset (first FE cycle). The scale bar is 200 nm.
(b) The corresponding Fowler—Nordheim plot representing the field emission behavior shown in (a).
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Figure 4. (a) Field emission behaviors of the BNNT at four consecutive measurements. (b), (c) Arrows indicate the formation of black
particles as a result of decomposition on the outer surface of the BNNT.

measured current exceeds the background current of 0.5 nA
and exponentially increases to 140 nA at 110 V. The turn-on
voltage is calculated to be ~325 V um~! and the current
density of an individual BNNT is measured as ~1 mA cm™2
at a voltage of 110 V.

The FE behavior of this nanotube can be modeled follow-
ing the well-known Fowler—Nordheim (FN) equation [24], as
shown in figure 3(b).

The linear plot of In(I/V?) versus 1/V confirms the FN
field emission characteristics of the BNNT. One can notice
that the BNNT exhibits only one slope which is in good
comparison with other reported field emission behaviors of
BNNTs [10]. In contrast, the CNTs’ FN plot shows two
distinct slopes representing current saturation during field
emission experiments at high field [25, 26]. Based on the field
emission current, one can also calculate other characteristics
of the nanotube, such as field enhancement factor, work
function and the radius of the apex, as follow [24]:

I = KF2 /¢ exp(—B¢> /F) )

where B = 6.8 x 10° VeV~3/2m~! K is a constant and ¢ is
the sample work function. The local electric field, F, is related
to the applied voltage V and can be defined as F = gV/d,
where B, the field enhancement factor, quantifies the ability
of amplifying the average field V/d. If S is the slope of the
FN plot (figure 3(b)) one can calculate the field enhancement
factor using the equation below:

S=_Bp2d/B. 3)

Assuming the work function of pristine BNNT is
6 eV [5], then according to equation (3), 8 = 98. The

calculated field enhancement factor is significantly higher
than the value assumed by Cumings et al [10]. They
considered 8 = 10 and then back-calculated the work function
to be ~11-13 eV. This is extremely high for BNNTSs as work
functions of 5.5-6 eV have been reported in the literature [12].
Chen et al [27] investigated the enhancement in conductivity
and the FE behavior of BNNTSs coated with Au nanoparticles.
In their FE measurement, they assumed that, due to the high
quantity and high uniformity of their morphology, the slope
of the Fowler—Nordheim plot is only proportional to the work
function. Therefore, assuming a work function of 6 eV, they
back-calculated the field enhancement factor. Using a fixed
enhancement factor for all different samples, they calculated
changes in the work function of BNNTSs as a result of the Au
coating layer.

We then repeated the FE experiment to investigate the
structural and emission stability of the BNNT upon four
cycles of emission, as illustrated in figure 4(a). Curves
1-4 represent the first, second, third and fourth FE cycles,
respectively. As can be seen, in the second cycle, the turn-on
voltage is increased to ~80 V and the emission current
dropped slightly to ~120 nA. FE cycles 3 and 4 represent
further degradation of the emission current as well as higher
turn-on voltages, respectively. In the fourth cycle the amount
of emission current drops almost 90% in comparison to the
first cycle.

A previous study showed that the field enhancement
factor strongly depended on the geometry of the apex of
the emitter [28]. However, our comparison of the tip radius
between the pristine and the FE cycled nanotubes did not show
any obvious change. Figure 4(b) also shows that the geometry
of the BNNT at the tip, compared to the inset in figure 4(a), is
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Figure 5. (a) The schematic represents the FE set-up where there is a gap between the tip of the sample and STM tip. As shown, the sample
is biased with negative voltage with respect to the STM tip. (b) Arrows indicate the formation of dangling B bonds. The nitrogen atoms
leave the structure when the sample reaches the decomposition temperature. (c) and (d) illustrate the formation of boron particles as the

number of B atoms with dangling bonds is increased.

not changed significantly. The TEM analysis of the FE cycled
nanotube revealed the likelihood of structural decomposition
that can explain the reduction in the field enhancement factor.
As shown in figures 4(b) and (c), the HRTEM images indicate
the presence of dark particles on the outer surface of the FE
cycled nanotube. The formation of these particles is due to
defects generated by Joule heating, to be discussed hereafter.
These defects will cause electron scattering and degrade the
emission current.

Figure 5 represents a schematic of the proposed
mechanism of the formation of dark particles on the outer
surface of the BNNT. As shown in figure 5(a), the sample
is biased with negative voltage. As the FE experiments
were conducted, due to the high emission current density,
the temperature of the sample is increased and reached the
decomposition temperature at which the B-N bonds start to
break [29]. The volatile nitrogen atoms leave the structure
and are released into the vacuum while the B atoms remain
(figure 5(b)). As the number of boron atoms with the dangling
bond increases, they tend to form particles, as shown in figures
5(c) and (d). Therefore, as the nanotube decomposed, nitrogen
which contributes five electrons compared to boron with
three electrons leave the structure and the emission current
of the nanotube degraded significantly. We should note that
several other FE experiments were carried out at the same
voltage range of 140 V but at different distances from the
STM tip. As the distance between the tip of the nanotube
and the STM tip were increased the amount of current also
dropped. However, the degradation trend of emission current
in FE cycles was also observed, indicating that the observed
behavior is independent of the distance between the nanotube
and the STM tip.

To rule out the effect of beam damage on the sample,
we reduced the accelerating voltage from 300 to 200 kV, and
also expanded the beam during the experiments. Moreover,
if the decomposition was due to the e-beam radiation, then
such a decomposition phenomenon should also be observed
during the normal TEM imaging of BNNTSs. But, in fact,

the formation of particles was only observed when the bias
voltage was applied and induced the flow of high density
current. In addition, the e-beam radiation should not raise
the temperature of the nanotube significantly. Based on the
model reported by Jencic et al [30], one can calculate that
the temperature increase due to the beam exposure at 200 kV
and with low electron flux dose is only a few degrees. It
should also be mentioned that the formation of dark contrast
particles is not due to carbon deposition because the BNNTs
that were imaged for a long time without any FE cycles did not
show any indication of the particle formation. Therefore, the
formation of such particles cannot be due to beam radiation
or carbon deposition but rather the FE cycling. Moreover,
to minimize any contamination during TEM imaging, the
anti-contamination device (ACD) heaters are normally filled
with liquid nitrogen prior to the operations.

These results are important in order to understand the
mechanism and the performance of the emitters before
commercializing them. As mentioned earlier, it is reported
that the structure of BNNTSs is stable at high temperatures.
However, our results show that the repeated cycling under
a high electric field can lead to degradation in emission
properties. Therefore, it is crucial to employ these findings in
the future design and fabrication of BNNT-based nanodevices
such as transistors and electromechanical devices [31]. The
effect of strain on the electrical characteristics of BNNTs
should also be taken into account. For instance, BNNTSs can
be used as sensors where their conductivity is changed as a
result of applied force or strain.

4. Conclusion

We studied the electrical and field emission of individual
BNNTSs using in situ TEM techniques at bias voltages of up to
110 V. Our results showed that individual BNNTS exhibit the
current density of ~1 mA cm™2 at 110 V and turn-on voltage
was 325 V ,um’l. However, structural degradation was only
observed after four cycles of emitting and the emission current
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dropped significantly. Measurements on the semiconducting
parameters of individual BNNTSs revealed that the bandgap
can be tuned by means of mechanical deformation. Based
on the amount of strain, the resistance of individual BNNTSs
was engineered in the range of 2000-769 M2 and electron

concentration was calculated to be 0.35-1.1 x 1017 cm™

3in

that range of strain with a slight decrease in the mobility of
the carriers.
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